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Our  research  is  focused  on  three  aspects  of  advanced  optical  fiber  communication 
systems:  dynamic  wavelength  division  multiplexing  (WDM)  networks,  linewidth- 
insensitive  coherent  optical  analog  links,  and  impact  of  fiber  nonlinearities  on  optical 
communication  systems.  During  the  reporting  period,  we  have  been  working  in  all  three 
fields,  as  follows.  In  the  area  of  WDM  networks,  we  investigated,  designed,  and  are 
currently  implementing  an  experimental  coherent  WDM  optical  network  with  a 
throughput  of  3  Gb/s/node.  In  the  study  of  coherent  optical  analog  links,  we  analyzed  two 
linewidth-insensitive  schemes  that  could  overcome  the  impact  of  phase  noise  of 
semiconductor  laser  diodes.  In  the  area  of  fiber  nonlinearities,  we  evaluated  the 
performance  of  optical  ' WDM  systems  in  the  presence  of  four-wave  mixing,  and  are 
analyzing  the  impact  of  stimulated  Brillouin  scattering  on  such  systems.  In  addition,  we 
have  experimentally  observed  fiber-induced  parasitic  phase  modulation,  investigated  its 
properties,  and  are  beginning  to  investigate  its  impact  on  optical  communication  systems. 

A  more  detailed  summary  of  our  work  in  the  three  fields  is  contained  in  the  following 
sections. 


Dynamic  wavelength  division  multiplexing  (WDM)  networks 


Routing  and  Reconfigurations  Algorithms:  A  dynamically  reconfigurable  WDM 
optical  network  has  the  potential  of  achieving  higher  throughput,  higher  reliability  and 
lower  latency,  when  compared  with  a  WDM  optical  network  with  fixed  wavelength 
assignment.  However,  to  realize  such  potential  gains,  dynamic  WDM  network  has  to 
employ  a  proper  reconfiguration  algorithm.  This  algorithm  should  dynamically  decide 
on  the  allocation  of  channels  based  on  the  communication  needs  of  the  stations.  Ideally, 
this  should  be  a  distributed  algorithm  (i.e.,  without  central  control)  with  low  overhead. 
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We  have  formulated  an  optimum  routing/reconfiguration  algorithm  as  a  non-linear 
integer  programming  problem  and  devised  strategies  to  obtain  approximate  solutions  to 
this  problem.  We  are  now  adapting  the  algorithm  to  operate  dynamically  in  the  network, 
as  requests  are  placed  and  terminate. 

STARNET:  An  FDDI -Compatible  WDM  Local-Area  Network:  We  proposed  and 
investigated  STARNET  -  a  wavelength  division  multiplexed  (WDM)  optical  broadband 
local  area  network  based  on  a  physical  star  topology.  Over  a  single  physical  network, 
STARNET  offers  all  users  both  a  125  Mb/s  packet  network  and  a  high-speed  (up  to  3 
Gb/s)  circuit  interconnect.  Based  on  these  two  data  transport  facilities,  several 
topological  and  protocol  solutions  are  available  to  the  users.  As  a  result,  STARNET 
supports  traffic  of  widely  different  bandwidth  and  continuity  characteristics.  PSK 
modulation  is  used  for  data  transmission  over  the  high-speed  circuit-switched  network. 
The  125  Mb/s  packet  network  is  based  on  low  modulation  depth  ASK  modulation  on  top 
of  the  PSK  modulated  high-speed  channel.  Since  one  of  the  goals  is  to  interface 
workstations  over  the  STARNET,  we  have  chosen  the  FDDI  standard  as  the  mode  of 
operation  over  the  ASK  packet  switched  network.  Figure  1  shows  the  logical  topology 
of  the  STARNET  architecture  and  Figure  2  is  a  more  detailed  block-diagram  of  the 
actual  implementation  that  is  currently  under  construction  in  our  lab. 

We  have  completed  the  construction  and  characterization  of  one  high-speed  receiver. 
We  have  been  able  to  attain  a  bit  error  rate  (BER)  of  10'^  at  a  data  rate  of  2.488  Gb/s 
with  a  -38  dBm  receiver  sensitivity.  We  have  also  completed  the  construction  and 
characterization  of  an  ASK  receiver.  We  have  obtained  a  BER  of  10'^  at  a  data  rate  of 
125  Mb/s  with  a  -49  dBm  sensitivity.  The  increased  sensitivity  of  the  ASK  receiver  is 
primarily  attributable  to  the  lower  data  rate. 
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Figure  1.  STARNET  network  topology. 
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Figure  2.  A  block  diagram  of  the  4  node  STARNET  experiment. 


The  STARNET  ASK  transmitter  and  receiver  replace  standard  FDDI 
transmitter/receiver  hardware  in  two  DECstation  5000/240  workstations.  Therefore,  a 
two-node  FDDI  ring  is  formed  by  the  two  workstations  with  one  FDDI  link  formed  by 
the  STARNET  hardware  ,  and  the  other  link  formed  by  the  standard  FDDI  interconnect. 
We  have  written  software  to  send  pseudo  random  data,  or  large  image  files,  using  either 
the  TCP  or  the  UDP  protocol  over  the  FDDI  link  while  measuring  the  BER  at  the  FDDI 
receiver.  Simultaneously,  we  transmit  2.488  Gb/s  data  over  the  PSK  link  and  measure 
the  BER  at  the  PSK  receiver.  With  this  experimental  setup  we  are  examining  the  impact 
of  the  ASK  modulated  data  on  the  performance  of  the  PSK  receiver  and  vice  versa.  In 
atidition,  we  are  investigating  the  optimum  modulation  depth/transmitter  power  that 
simultaneously  optimizes  both  the  ASK  and  PSK  receiver  BER's. 

Optical  Network  Performance  Evaluations:  In  the  area  of  network  performance,  we 
have  run  simulations  comparing  the  network  throughput  of  an  eight  node  extended 
STARNET  (2  high-speed  receivers  per  node)  versus  an  eight  node  centralized  active 
packet  switch.  The  simulations  compare  the  performance  in  virtual  circuit  operation  of 
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Figure  3.  Network  throughput  comparisort:  STARNET  vs.  centralized  switch. 

the  two  network  architectures  under  uniform  and  centralized  destination  traffic  for  high 
and  low  bandwidth  connections  for  short  and  long  duration  connections.  Uniform  traffic 
is  applicable  in  the  case  of  peer-to-peer  traffic.  Centralized  traffic  is  applicable  in  the 
case  of  a  file  server  and  its  satellites.  An  example  of  low  bandwidth  long  duration  traffic 
is  real-time  voice;  high  bandwidth  long  duration  traffic,  real-time  video.  Simulation 
results  such  as  those  shown  in  Figure  3  indicate  that  for  an  eight  node  network  the 
extended  STARNET  architecture  provides  a  performance  advantage  over  the  centralized 
active  switch.  The  performance  advantage  is  greatest  under  uniform  destination,  high 
bandwidth  traffic. 

Polarization  Modulations:  We  have  also  been  working  on  a  theoretical  analysis  and 
an  experimental  demonstration  of  digital  transmission  based  on  a  coherent  system 
utilizing  polarization  modulation  (POLSK  -  POLarization  Shift  Keying). 

Traditional  transmission  systems  use  either  amplitude,  phase  or  frequency  as  the 
modulating  parameter  to  encode  data.  POLSK  systems,  instead,  use  the  state  of 
polarization  of  the  lightwave  carrier. 
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Figure  4.  A  typical  block  diagram  of  a  POLSK  receiver. 


This  new  approach  has  numerous  potential  advantages.  POLSK  detection  is 
insensitive  to  the  laser  linewidth  (phase  noise);  polarization  fluctuations  along  the  fiber 
can  be  electronically  suppressed  in  the  decision  baseband  circuitry  in  the  receiver;  the 
power  spectrum  of  POLSK  signals  is  more  compact  than  that  of  FSK  or  even  PSK; 
multilevel  transmission  is  feasible,  allowing  for  significant  optical  and  electrical 
bandwidth  reduction,  at  constant  bit  rates. 

As  for  sensitivity,  an  extensive  theoretical  analysis,  mostly  carried  out  by  some  of  the 
investigators  involved  in  this  experiment,  is  available  in  the  literature  and  shows  that 
POLSK  systems  have  a  better  performance  than  ASK  and  single-filter  FSK  binary 
coherent  schemes  (by  approximately  3  dB).  The  sensitivity  gain  becomes  more 
remarkable  when  multilevel  modulation  is  addressed. 

A  typical  block  diagram  of  a  POLSK  receiver  is  shown  in  Figure  4.  The  receiver 
extracts  information  on  the  state  of  polarization  of  the  incoming  lightwave  by 
analogically  computing  the  Stokes  Parameters.  The  Stokes  Parameters  are  one  of  the 
possible  set  of  parameters  describing  the  state  of  polarization  of  a  lightwave.  They  were 
found  to  be  the  most  convenient  means  of  accomplishing  POLSK  demodulation. 

A  LiNb03  Polarization  modulator  was  built  at  Ericsson  Telecom  Research  AB  in 
Sweden  specifically  for  this  experiment  (Dr.  Bo  Lagerstrom).  Two  monolithically 
integrated  balanced  optical  photoreceivers  are  now  being  built  at  AT&T  Bell  Labs  and 


wiil  be  used  in  the  set-up  (Dr.  Chandrasekhar).  The  laser  sources  used  in  the  experiment 
come  from  AT&T  Bell  Labs  (Dr.  Bernard  Glance  and  Dr.  Uzi  Koren). 


Linewidth-insensitive  coherent  optical  analog  links 

We  continued  both  theoretical  and  experimental  investigations  of  linewidth- 
insensitive  coherent  optical  analog  links. 

Theoretical  Work 

We  analyzed  the  signal-to-noise  ratio  (SNR)  and  the  dynamic  range  of  the  amplitude- 
modulated  (AM)  WIRNA  (which  stands  for  Wideband  filter-Rectifier-NArrowband 
filter,  and  refers  to  the  signal  processing  at  the  receiver)  local  reference  system  shown  in 
Figure  5  and  the  frequency-modulated  (FM)  embedded  reference  system  shown  in  Figure 
6.  Furthermore,  we  investigated  the  impact  of  the  IF  bandwidth,  phase  noise,  shot  noise, 
thermal  noise,  laser  relative  intensity  noise  (RIN)  and  device  nonlinearities  on  the  link 
performance. 


Input 

signal 


AM  Systems:  For  the  AM-WIRNA  coherent  link,  our  analysis  shows  that  there  exists 
an  optimum  IF  bandwidth  which  gives  the  best  system  performance.  The  optimum 
bandwidth  is  a  strong  function  of  the  received  optical  signal  power  and  the  total  laser 
linewidth.  With  the  proper  selection  of  the  IF  bandwidth  (about  40  times  or  more  the 
signal  bandwidth),  the  AM-WIRNA  receiver  can  be  made  insensitive  to  laser  linewidths  up 
to  100  MHz,  with  an  SNR  penalty  of  less  than  0.5  dB. 

Figure  7  shows  the  output  SNR  versus  the  received  optical  power  for  the  direct 
detection  and  for  the  AM-WIRNA  heterodyne  links.  Inspection  of  Figure  7  shows  that  for 
received  powers  less  than  1  mW  (wh)ch  applies  to  most  semiconductor  lasers  used  for 
distribution  systems  in  CATV  and  long  distance  transmission  of  analog  signals),  the  AM- 
WIRNA  system  has  a  better  SNR  (and  therefore,  a  better  dynamic  range)  than  the  direct 
detection  system.  For  higher  power  levels,  the  performance  of  the  AM-WIRNA  coherent 
link  is  very  similar  to  that  of  the  direct  detection  system,  with  the  difference  being  less 
than  3  dB  for  properly  designed  systems.  The  single  photodiode  coherent  AM  system  was 
found  to  be  highly  susceptible  to  laser  RIN.  A  balanced  receiver  improves  the  dynamic 
range  by  some  3  dB. 


Received  Optical  Power,  dBm 

Figure  7.  The  SNR  versus  the  received  optical  power  for  the  AM-WIRNA  receiver; 
r  =  50Q,  R  =  0.8  AAV,  T  =  300K,  and  PlO  =  30  dBm. 

FM  Systems:  We  have  found  that  under  ideal  conditions  coherent  FM  links  have  the 
potential  to  increase  the  SNR  and  the  dynamic  range  by  more  than  10  dB  as  compared  to 
direct  detection  and  coherent  AM  links.  Through  frequency  modulation,  substantial 
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suppression  of  additive  white  Gaussian  noise  and  RIN  can  be  achieved.  However,  the 
FM  link  is  sensitive  to  laser  linewidth  and  requires  elaborate  phase  noise  cancellation 
techniques  when  semiconductor  lasers  are  used.  We  are  now  in  the  process  of 
investigating  the  performance  of  FM  links  with  a  novel  phase  noise  cancellation  circuit, 
and  evaluating  the  linearity  of  the  FM  characteristics  of  semiconductor  lasers  and  the  FM 
receiver. 


Experimental  Work 

We  investigated  the  FM  behavior  of  a  two-section  distributed  Bragg  reflector  (DBR) 
laser.  Dependence  of  the  lasing  wavelength  on  the  Bragg  reflector  section  current  has 
been  measured.  Due  to  the  presence  of  mode  hops,  the  maximum  usable  frequency 
deviation  is  18  GHz  with  the  particular  laser  used  in  our  experiment.  From  the 
theoretical  results  and  the  DBR  laser  experiments,  we  evaluated  the  components' 
requirements  for  the  experimental  AM-WIRNA  heterodyne  system  and  the  FM 
embedded  reference  system  we  will  investigate. 

Impact  of  Tiber  nonlinearities  on  optical  communication  systems 

Four-Wave  Mixing 

We  evaluated  theoretically  the  performance  of  optical  WDM  systems  in  the  presence 
of  four-wave  mixing  (FWM).  The  nonlinear  FWM  process  limits  the  maximum  optical 
power  that  can  be  launched  into  fibers,  and  the  shot  noise  limits  the  minimum  power  at  the 
receiver.  We  have  evaluated  the  link  budget  defined  as  the  ratio  of  the  maximum 
transmitter  power  to  the  minimum  optical  power  at  the  receiver,  and  derived  the  maximum 
transmission  distance. 

We  have  also  proposed  and  investigated  FWM  noise  reduction  method  using 
Manchester  coding.  The  performance  of  NRZ  (non-return-to-zero)  and  Manchester 
ctxJing  in  both  ASK  (amplitude-shift  keying)  and  DPSK  (differential  phase-shift  keying) 
modulated  systems  was  evaluated.  The  effect  of  fiber  dispersion  on  FWM  noise  was  also 
investigated.  Our  analysis  shows  that  Manchester  coding  improves  both  ASK  and  DPSK 
systems,  and  that  systems  utilizing  dispersion-shifted  fiber  are  more  seriously  impaired  by 
FWM  noise  than  those  utilizing  nondispersion-shifted  fibers. 
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Figure  8  shows  the  bit  error  rate  versus  transmitter  power  for  a  16-channel  ASK 
system  with  dispersion-shifted  fiber.  Channel  separation  for  this  particular  system  is  10 
GHz.  Bit  rate  is  1  Gb/s.  Inspection  of  Figure  8  reveals  that  BER  increases  rapidly  if  the 
transmitter  power  exceeds  a  threshold  power  of  about  1  mW.  Figure  8(a)  shows  the 
results  for  NRZ  coded  system;  Figure  8(b)  shows  the  results  for  Manchester  coded 
system.  Figure  9  shows  similar  results  for  a  16-channel  DPSK  system  with  dispersion- 


(a)  ASK  system  with  NRZ  coding 


(b)  ASK  system  with  Manchester  coding 
Figure  8.  Bit  error  rate  of  a  16-channel  ASK  system  impaired  by  FWM. 
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shifted  fiber.  Analysis  of  Figures  8  and  9  shows  that  Manchester  coding  can  suppress 
FWM  by  2  dB,  and  extend  the  maximum  transmission  distance  by  about  10  km  for  both 
ASK  and  DPSK  systems. 

Fig.  10  shows  the  calculated  maximum  transmission  distance  of  both  ASK  and  DPSK 


(a)  DPSK  system  with  NRZ  coding 


(b)  DPSK  system  with  Manchester  coding 
Figure  9.  Bit  error  rate  of  a  16-channel  DPSK  system  impaired  by  FWM. 
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systems  using  NRZ  and/or  Manchester  codes.  The  results  show  that  DPSK  systems  are 
less  sensitive  to  FWM  than  ASK  systems,  and  that  systems  employing  dispersion-shifted 
fiber  are  inferior  to  those  employing  conventional  single-mode  fiber. 


Figure  10.  Maximum  transmission  distance  of  DPSK  and  ASK  systems  impaired  by  FWM. 


Stimulated  Brillouin  Scattering 

Another  potentially  limiting  nonlinear  effect  is  stimulated  Brillouin  scattering  (SBS). 
SBS  process  tends  to  reflect  back  the  launched  optical  power  exceeding  a  certain 
threshold,  and  also  induces  excess  noise  in  the  transmitted  signals.  We  are  currently 
analyzing  the  impact  of  SBS  process  theoretically  and  experimentally.  Figure  11  shows 
the  experimental  setup  we  u.sed  to  measure  the  characteristics  of  transmitted  signal  under 
Brillouin  scattering. 

Two  NdiYAG  lasers  with  very  narrow  linewidth  are  used  in  this  experiment.  By 
heterodyning  the  transmitted  or  back-scattered  signal  with  the  second  laser,  we  can 
characterize  the  extra  noise  induced  by  Brillouin  scattering  effect 
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Figure  11.  Experimental  setup  used  to  characterize  signal  under  Brillouin  scattering. 
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Figure  12.  Spectrum  of  the  transmitted  light  intensity. 


The  transmitted  light  has  been  found  to  be  impaired  by  relaxation  oscillation  of 
stimulated  Brillouin  scattering  once  the  launched  power  exceeded  Brillouin  threshold.  As 


shown  in  Figure  12,  this  effect  causes  low  frequency  intensity  fluctuation  of  the 
transmitted  signal.  The  influence  of  this  intensity  fluctuation  on  optical  communication 
systems  is  currently  analyzed. 

Fiber-Induced  Parasitic  Phase  Modulation 


We  experimentally  observed  a  phase  modulation  caused  by  thermal  acoustic  vibrations 
in  the  fiber.  The  acoustic  wave  excited  by  thermal  vibrations  modulates  the  phase  of  the 
light  propagating  along  the  fiber.  The  acoustic  wave  in  the  fiber  has  several  discrete 
modes  with  different  resonant  frequency  associated  with  each  mode.  More  than  30 
spectral  lines  have  been  observed  in  the  phase  modulated  spectrum,  as  shown  in  Figure  13. 
Spectral  lines  caused  by  the  phase  modulation  are  about  30  dB  lower  than  the  main 
spectral  component,  corresponding  to  a  phase  modulation  index  of  lO'^  for  10  km  of 
propagation.  The  strength  of  the  effect  grows  proportionally  to  the  square  root  of 
propagation  distance. 
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Figure  13.  Heterodyned  spectrum  of  the  transmitted  light  modulated  by  thermal 

acoustic  waves. 

Based  on  these  experimental  observations,  we  performed  a  preliminary  theoretical 
analysis  of  the  impact  of  parasitic  fiber-induced  phase  modulation  on  DPSK  optical 
communication  systems.  Our  results  show  that  the  performance  of  an  optical  DPSK 
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system  can  be  impaired  by  thermal  acoustic  modulation.  Figure  14  shows  the  calculated 
BER  floor  of  a  1  Gb/s  DPSK  receiver  versus  laser  linewidth  for  different  fiber  lengths  in 
the  presence  of  thermal  acoustic  phase  noise.  Inspection  of  Figure  13  reveals  that  the 
BER  floor  increases  about  400  times  at  the  transmission  distance  of  500  km  when  the 
laser  linewidth  is  10  MHz. 


BER 

Floor 


Figure  14.  Calculated  BER  floor  of  a  1  Gb/s  DPSK  heterodyne  receiver.  Both  laser  phase 
noise  and  fiber-induced  parasitic  phase  noise  are  included  in  our  analysis. 
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Abstract 

A  detailed  theoretical  analysis  is  given  for  the  impact  of  finite  frequency  deviation  on  the  sen¬ 
sitivity  of  dual-filter  heterodyne  Frequency  Shift  Keying  (FSK)  lightwave  systems.  Our  analysis 
provides  closed-form  signal-to-noise  ratio  (SNR)  results  for  estimating  the  bit-error-ratio  (BER) 
performance  of  the  system.  These  closed-form  results  provide  an  insight  into  the  impact  of  fi¬ 
nite  frequency  deviation  2Afd,  laser  linewidth  Ai/,  bit  rate  Ri,,  and  IF  filter  band  widths  on  the 
system  performance.  It  is  shown  that  there  is  a  well-defined  relationship  between  the  choice  of 
frequency  deviation  and  the  tolerable  amount  of  laser  phase  noise.  When  there  is  no  phase  noise, 
a  frequency  deviation  of  2A/d  =  0.72Rb  is  sufficient  for  1  dB  sensitivity  penalty  with  respect  to 
infinite  frequency  deviation  case;  whereas  for  a  linewidth  of  At/  =  0.50/2*  the  required  frequency 
deviation  increases  to  2Afd  =  3.42/2*  for  the  same  sensitivity  penalty.  The  sensitivity  degradation 
can  be  very  severe  for  a  fixed  linewidth  as  the  frequency  deviation  gets  smaller:  for  a  linewidth 
of  20%  the  sensitivity  penalty  is  only  0.54  dB  when  the  frequency  deviation  is  infinite  whereas 
it  is  3.48  dB  when  the  frequency  deviation  is  2A/d  =  /2*.  We  also  quantify  the  impact  of  finite 
frequency  deviation  on  optimum  IF  filter  bandwidths.  For  a  fixed  linewidth,  the  optimum  IF 
filter  bandwidth  decreases  as  frequency  deviation  becomes  smaller:  for  At/  —  O.bRt  the  optimum 
IF  filter  bandwidth  reduces  from  7/2*  to  3/2*  when  2A fd  reduces  from  very  large  values  to  3/2*. 
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I.  INTRODUCTION 


The  FSK  heterodyne  dual  filter  and  single  filter  detection  systems  are  examples  of  asynchronous 
lightwave  systems,  whereby  a  relatively  large  laser  diode  (LD)  spectral  spread  can  be  tolerated.  That 
makes  the  use  of  conventional  DFB  LD’s  possible  which  in  turn  is  important  for  achieving  a  simple 
and  stable  system  [l]-[8].  The  dual  filter  detection  system  is  particularly  attractive  because  it  offers 
a  3-dB  higher  receiver  sensitivity  than  the  single  filter  detection  system  [1].  The  ideal  performance 
of  dual  filter  heterodyne  FSK  lightwave  systems  were  previously  studied  by  several  authors  assuming 
ideal  conditions  for  the  intermediate  frequency  (IF)  and  the  frequency  deviation  between  the  two 
frequencies  of  data  transmission  [2],  [9],  [10]. 

In  particular,  in  [2],  [9]  and  [10]  the  sensitivity  degradation  due  to  laser  phase  noise  and  shot  noise 
was  studied  assuming  that  the  IF  and  the  frequency  separation  between  the  two  tones  are  infinitely 
Iwge.  In  practical  systems,  however,  these  assumptions  are  not  valid  [1],  [3],  [4],  [11],  [12].  In  this 
paper,  we  study  the  impact  of  finite  frequency  deviation  on  the  system  performance.  Our  analysis 
also  includes  the  impact  of  laser  phase  noise  and  additive  shot  noise. 

We  show  that  there  is  a  well-defined  relationship  between  the  choice  of  frequency  deviation  and 
the  tolerable  amiount  of  laser  phase  noise  for  a  prescribed  level  of  sensitivity  degradation  (e.g.,  1 
dB).  Our  results  indicate  that  when  there  is  no  phase  noise,  a  frequency  deviation  2Afj  =  0.72/26  is 
sufficient  for  1  dB  sensitivity  penalty  with  respect  to  infinite  frequency  deviation  case;  whereas,  for 
an  IF  linewidth  of  Av  =  0.50/26  the  required  frequency  deviation  increases  to  2A/j  =  3.42/26  for  the 
same  sensitivity  penalty.  The  influence  of  finite  frequency  deviation  on  the  values  of  other  important 
system  parameters  such  as  optimum  IF  filter  bandwidth  and  bit-error-ratio  (BER)  is  also  quantified. 
It  is  demonstrated  that  for  a  fixed  IF  linewidth  value,  the  optimum  IF  filter  bandwidth  decreases  as 
the  frequency  separation  between  the  two  tones  becomes  smaller.  As  an  example,  for  At/  =  0.5/26  the 
optimum  IF  filter  bandwidth  required  reduces  from  TRi,  to  3Rh  when  2A/j  reduces  from  very  large 
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values  to  SiZj.  Using  the  HER  results  computed,  sensitivity  penalty  due  to  finite  frequency  deviation 
is  quantified  as  a  function  of  IF  laser  linewidth.  Our  results  show  that  the  sensitivity  degradation 
can  be  very  severe  for  a  fixed  linewidth  as  the  frequency  deviation  gets  smaller.  As  an  example, 
for  an  IF  linewidth  of  20%  the  sensitivity  penalty  is  only  0.54  dB  when  the  frequency  deviation  is 
extremely  large  (infinite);  whereas  it  is  3.48  dB  when  the  frequency  deviation  is  2Afd  =  iZj.  In  this 
paper,  we  also  investigate  practically  important  suboptimum  cases  which  do  not  use  optimum  IF 
filter  bandwidths.  More  specifically,  we  quantify  the  sensitivity  degradation  due  to  finite  frequency 
deviation  for  a  fixed  linewidth  value  when  the  IF  filter  bandwidth  used  is  not  optimized  for  different 
frequency  deviations. 

The  rest  of  this  paper  is  organized  as  follows.  In  Section  II  we  give  a  system  description  and 
problem  statement.  Section  III  contains  basic  receiver  equations,  the  signal-to-noise  ratio,  the  bit¬ 
error  rate,  and  the  main  results  of  the  paper.  A  physical  interpretation  of  the  main  results  obtained 
is  presented  in  Section  FV.  Finally,  Section  V  contains  the  conclusions  of  this  study. 

II.  SYSTEM  DESCRIPTION  AND  PROBLEM  STATEMENT 

The  block  diagram  of  the  dual  filter  optical  heterodyne  FSK  receiver  is  shown  in  Figure  1.  It  was 
shown  in  [9]  that  the  total  output  current  processed  by  such  a  receiver  is 


*t(0  = 


i45COs[(u;  -I-  Au;)t  4-  0{t))  -|-  n(t),  for  data  =  1 


(1) 


^  i4scos((u;  —  Aa})t  -f-  ^(t)]  4-  n(0*  for  =  0 

where  >15  is  the  signal  amplitude;  n(t)  is  the  total  noise  process  at  the  output  of  the  balanced  re¬ 
ceiver;  u;  =  2irfip  is  the  intermediate  frequency  (IF)  in  radians  per  second;  is  the  ^otal  phase 
noise  due  to  the  transmitter  and  local  oscillator  (LO)  lasers;  and  Au  =  2itAfi  is  the  frequency 
deviation  in  radians/sec.  These  quantities  au’e  given  by  the  following  expressions: 


As  =  2R\/PsPlo  amperes 


(2) 
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n(<)  =  ni(i)  -  n2(0  amperes  (3) 

u!  =  Us  ~  Ulo  radians /second  (4) 

4>{t)  =  4>s{t)  -  4>Loit)  radians  (5) 

2  Aw  =  wi  —  Wo  radians /second  (6) 


where  R  is  the  detector  responsivity;  Tii(t)  and  n2(t)  are  the  noises  of  the  two  photodiodes;  us  and 
^LO  3.re  the  frequencies  of  the  signal  and  the  LO,  respectively;  and  are  the  phase  noises 

of  the  transmitter  and  LO  lasers,  respectively;  and  wi  and  wq  are  the  frequencies  of  transmission  for 
data  =  1  and  data  =  0,  respectively. 

The  total  phase  noise  is  defined  by  expression  (5).  Its  derivative  has  a  zero-mean  Gaus¬ 
sian  probability  density  function  (pdf);  the  single-sided  power  spectral  density  (PSD)  of  is  given 
by 


•y^(,)(/)  =  4tAi/  0</<oo  (7) 

where  At/  is  the  FWHM  linewidth  at  the  IF,  i.e., 

Au  =  Aier  +  Avjjo  (8) 

where  Avr  and  Auui  are  the  linewidths  of  the  transmitter  and  LO  lasers,  respectively.  The  PSD 
shape  in  (7)  implies  the  Lorentzian  laser  lineshape. 

The  additive  noise  n{t)  is  composed  of  both  the  shot  noise  and  the  thermal  noise.  The  single¬ 
sided  PSD  of  n{t)  is 


Sn  =  r}  for  0  <  /  <  oo  amperes^  per  hertz 


(9) 
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where 


T]  =  2eRPi^Q  +  tjth  amperes^  per  hertz.  (10) 

In  (10),  e  is  the  electron  charge  and  t/t-//  is  the  PSD  of  the  thermal  noise.  Expression  (9)  implies 
that  the  axlditive  noise  is  white;  this  assumption  may  be  inaccurate  in  systems  having  wide  laser 
linewidth  or  large  bit  rate.  The  autocorrelation  function  of  n{t)  is  given  by 

Rnih,h)  =  £[n(ti)n(t2)]  =  0.5T]6(ti  -  t2)  (11) 

In  previous  studies  on  dual  filter  heterodyne  FSK  lightwave  systems,  the  frequency  separation 
between  the  two  FSK  frequencies  2Au  was  assumed  to  be  sufficiently  large,  so  that  the  crosstalk 
between  the  two  filters  was  negligible  [2],  [9],  (10).  For  practical  system  design,  however,  such 
an  assumption  is  not  valid.  Specifically,  in  multichannel  lightwave  systems  employing  dual-filter 
heterodyne  FSK  receivers,  the  frequency  separation  between  the  two  tones  is  a  significant  system 
design  parameter  which  influences  the  number  of  channels  that  can  be  received  for  a  prescribed  level 
of  crosstalk  (13]-(17], 

The  physical  scenario  under  consideration  is  shown  in  Figure  2.  Figure  2(a)  illustrates  the  case 
when  the  two  frequencies  are  sufficiently  apart  from  each  other  so  that  there  is  negligible  crosstalk. 
The  information-bearing  signal  may  also  contain  phase  noise.  As  the  frequency  deviation  becomes 
smaller  the  two  information-bearing  signals  start  overlapping  (see  Fig.  2(b))  and  the  performance 
of  the  system  under  investigation  deteriorates.  One  of  the  objectives  of  this  study  is  to  quantify 
the  required  frequency  deviation  for  a  given  linewidth  and  a  fixed  sensitivity  penalty  (e.g.,  1  dB). 
Another  important  case  is  shown  in  Figure  2(c).  For  a  fixed  frequency  deviation,  assuming  the 
two  information-bearing  signals  have  no  phase  noise,  there  is  a  certain  performance  level  (and  a 
corresponding  BER)  which  depends  on  the  frequency  spacing  between  ui  and  uq.  Clearly,  if  the 
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frequency  deviation  is  kept  fixed,  as  the  two  signals  are  impaired  by  more  and  more  phase  noise,  the 
crosstalk  due  to  laser  phase  noise  becomes  more  severe;  and  the  system  performance  deteriorates 
sharply.  This  physical  situation  is  illustrated  in  Fig.  2(d).  Another  objective  of  this  paper  is  to 
quantify  the  laser  linewidth  which  can  be  tolerated  for  a  prescribed  level  of  sensitivity  penalty,  such 
as  1  dB,  and  for  a  fixed  value  of  frequency  deviation. 

The  physical  scenario  described  above  caji  only  be  analyzed  if  certain  other  system  parameters  are 
also  carefully  engineered.  Note  in  Figures  2(a)  and  2(b),  for  example,  that  as  the  frequency  deviation 
gets  narrower  the  optimum  IF  filter  bandwidth  required  becomes  smaller.  Thus,  to  optimize  the 
system  performance  it  is  essential  to  evaluate  the  optimum  IF  filter  bandwidth  corresponding  to 
a  fixed  (but  finite)  frequency  deviation  and  a  fixed  linewidth  in  the  physical  situation  depicted  by 
Figures  2(a)  and  2(b).  Computation  of  optimum  IF  filter  bandwidths  is  also  a  nece.ssity  for  the 
optimum  performance  evaluation  of  the  system  described  by  Figures  2(c)  and  2(d).  Obviously,  one 
can  choose  not  to  optimize  the  IF  filter  bandwidth;  in  that  case,  however,  a  certain  sensitivity  penalty 
must  be  paid  and  the  system  performance  is  no  longer  optimum. 

III.  SYSTEM  PERFORMANCE  EVALUATION 

This  section  is  organized  as  follows.  First,  the  basic  receiver  equations  are  given  in  Section  III-A. 
Then  the  SNR  at  the  threshold  comparator  input  is  found  in  Section  III-B.  The  BER  is  evaluated 
in  Section  III-C.  Finally,  in  Section  III-D  numerical  results  are  presented. 

A.  Basic  Receiver  Equations  : 

The  dual  filter  optical  FSK  receiver  under  investigation  is  shown  in  Figure  1.  Following  [9]  and  [10], 
we  assume  the  IF  filters  to  be  finite-time  bandpass  integrators,  with  impulse  responses 

flcos[uqtJ  if  t  €  [0, 

(12) 

0  if  [0,^1 


7 


and 


=  i 


(13) 


yco3[u;of)  if  t  e  [0, 

0  ifi^[0,B 

where  a  >  1  is  a  positive  integer.  The  square-law  device  (SLD)  is  an  envelope  detector  modeled  by  [9] 


VF(t)  = 

=  XF{t)  -h  ypit)  +  2F{t)  ( 14) 

where  Ui{t)  and  U2{i)  are  the  complex  amplitudes  of  the  outputs  of  the  IF  filter  1  and  IF  filter  2, 
respectively.  In  expression  (14),  ifCOjJ/fCOj  denote  the  signal-cross-signal,  noise-cross¬ 

noise,  and  signal-cross-noise  terms,  respectively.  The  postdetection  lowpass  filter  is  assumed  to  have 
the  following  impulse  response  [9]: 

M0  =  E<«-f)  (15) 

«=1  “ 

The  output  current  of  the  IF  filters  at  time  t  is 

«i(0  =  *bi(0**t(0 

=  3Bi(0  +  «Bi(0  IT  <  t  <  (/ -I- l)r  (16) 

and 

U2(0  =  *  «t(0 

=  «B2(0  +  «B2(0  lT<t<{l+l)T  (17) 

where  *  denotes  convolution;  nBi{t)  and  nB2(0  **1®  filtered  versions  of  the  noise,  and  sbi(0 

■»B2(0  S’f®  the  filtered  versions  of  the  signal,  respectively;  i.e.. 
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nsiCO  =  hBi{t)*n{t)  lT<t<{l+l)T  (18) 

nB2it)  =  hB2{t)*n(t)  lT<t<{l+l)T  (19) 

and 

=  Abi(0  ♦  Ascos[Ljjt  +  4>(t)],  lT<t<il+  l)T  (20) 

5S2(0  =  /lB2(0  ♦  Ascos[ijjjt  +  <A(0]»  <t<{l+  l)T  (21) 

where  wj  =  wj  or  wj  =  wq.  Hence  the  outpat  of  the  summer  is 

VF{t)  =  xf(0  +  yrit)  +  ZF{t)  (22) 

where 


MO  =  4i(0  +  4i(0  -  42(0  -  42(0  (23) 

y/r(0  =  n|i(t)  +  n^i(t)  -  n^jCO  “  42(0  (24) 

2f(0  =  2  [aBl(0»»Bl(0  +  iBx(0”Sl(0  -  ■SB2(0"B2(0  “  ■SB2(0”fi2(0]  (25) 

In  expressions  (23)-(25),  SBd{t)  is  the  Hilbert  transform  of  SBd(t),  nBd(t)  is  the  Hilbert  transform  of 
nBd(t)<  d  =  0  or  d  =  1.  Finally,  the  output  signal  of  the  lowpass  filter  (LPF)  wf(0  is 

WF(t)  =  *£,(0  ♦  VF(t)  (26) 

The  signal  WF(i)  is  sampled  at  t  =  (/  +  1)T  and  sent  to  the  decision  gate.  The  value  of  iiif(0  ^.t 
t  =  (/  -I-  l)r  is  denoted  by  wft  (decision  variable)  in  the  remainder  of  this  paper. 

B.  The  Signal-to-Noise  Ratio  : 
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The  SNR  at  the  input  of  the  decision  gate  (Figure  1)  is  defined  a-s  [9],  [18] 


_  m{when  data  =  1)  —  m{when  data  =  0) 
a{when  data  =  1)  +  c{when  data  =  0) 

where  m  and  cr  are  the  mean  and  the  standard  deviation  of  wft.  VVe  note  that,  strictly  speaking, 
the  signal- to- noise  ratio  7  is  a  meaningful  performance  measure  for  a  Gaussian  hypothesis  test  only, 
whereas  the  probability  density  function  (PDF)  of  wpx  is  non-Gaussian  for  both  ONE  and  ZERO 
symbols  even  when  the  linewidth  is  zero  and  the  frequency  deviation  is  infinite.  In  the  case  of  zero 
linewidth  and  infinite  frequency  deviation,  the  LPF  is  not  needed,  and  the  bandwidth  of  the  BPF 
is  taken  to  be  equal  to  the  bit  rate  /Z4.  Conceptually,  in  this  case  inf(t)  =  VF(t).  The  probability 
density  function  of  t;F(0  case  can  be  found  exactly.  When  Af  is  not  equal  to  zero,  and  2A/d 

is  finite,  the  impact  of  phase  noise  and  crosstalk  further  complicates  the  PDF.  Since  the  actual  pdf 
of  wjrr  is  non-Gaussian,  it  is  clear  that  the  value  of  7  does  not  contain  all  the  information  needed 
to  evaluate  the  system  HER  exactly.  Hence,  using  expression  (27)  for  estimating  the  SNR  at  the 
decision  gate  is  an  approximation;  see  Subsection  C  and  Ref.[9]  ior  an  analysis  of  the  accuracy  of 
this  approximation. 

Calculation  of  m  and  <7  is  a  long  and  a  very  complicated  process.  Therefore,  we  omit  the  in¬ 
termediate  steps  of  our  derivations.  Our  analysis  indicates  that  a  general  closed-form  result  can  be 
obtained  for  the  signal-to-noise  ratio  at  the  decision  gate: 


where 


and 


(1  -  bcosx)  -f 


2abxsinx  | 


(28) 


(29) 
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In  expression  (30),  cr^/r,  cryF^  ^ZF  given  by: 


=  44^4 

16  a' 


-  yo  -  y»l'  +  f  (1  -  4)  +  (1  -  ‘")  -  -  4*)]  »(2Au.r) 


2  Ai  2a3 


1  - 


sin?x 


(31) 

(32) 


and 


_2 

^ZF 


24i  16a2 
16  ^2 


sin^x 

4ax^ 


r,  .X  2a.  .  ,  „,,yl 

+  r— j—  <  1  +  cosx  +  ( - )3tnx  +  (1  -  26)-  ^  + 

oiKi  (  ax  a) 


—  +  ^  |[x^  -  a^][l  -  bcosx]  -  2a6x3inx|  +  ^  +  ~(*  ~  1)|  (2^) 


where 


ani 


r^TIa 

(34) 

a  =  irAi/T 

(35) 

b  =  cxp(— a) 

(36) 

X  =  2Au/r 

(37) 

y  =  (a  +  acosx  —  xsinx) 

(38) 

ki  =  (a^  +  i^) 

(39) 

1  _  g  /?u,n2Awr  |^co5(g)  +  -j^sin{q) 

1  _  g-w„2a<..T  _ 


for  /?  ^  1 
for  /?  =  1 


3(2Au;r)  =  < 


(40) 


In  expression  (40),  u;„,  /?,  and  q  are  defined  as  follows: 


SJ  -0.0155  -  0.263/0^  +  0.578/a 

(41) 

0.27 -1.5/a^ -1-2.22/a 

(42) 

9  =  tj„2Aa;ryi  - 

(43) 

For  the  dual  filter  optical  heterodyne  FSK  system  under  investigation,  there  is  a  simple  relationship 
between  the  peaJc  IF  SNR  peak  normalized  signal  energy  Epn,  and  the  average  normalized  signal 
energy  per  bit  Ean  defined  as 


^  ^  (44) 

The  value  of  7  in  expressions  (28)-(43)  can  be  considerably  simplified  in  severed  important  practical 
cases: 

Case  1:  If  Ai/  =  0  (no  phase  noise),  then  7  reduces  to 

■ ,  = _ ^  ,«) 

[a*/!  I  S/  coPx—cosx  i  l^l 

«t(1  -  -^)  +  - iJJ - +  i)] 

Expression  (45)  predicts  the  performance  of  the  FSK  system  under  consideration  when  there  is  no 
phase  noise.  Note  that  in  this  simple  expression  x  =  2Au>T  is  a  design  parameter.  Hence,  to  obtain 
a  HER  =  10“®  (which  corresponds  to  7  =  6),  the  IF  filter  bandwidth  expansion  factor  a  can  be  opti¬ 
mized  for  fixed  values  of  2Aa;r.  By  using  Oopt  values  in  expression  (45),  the  impact  of  reducing  2Au;T 
on  the  sensitivity  (the  value  of  average  signal  energy  in  photons/bit)  can  be  easily  computed.  As  a 
sanity  check,  we  also  note  that  as  2AuT  gets  sufficiently  large,  expression  (45)  reduces  for  Oopt  =  1  to 


1 

+  ^) 


(46) 
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which  is  the  result  given  in  [9]. 


Case  2;  If  <  1  <  - ,  then  7  becomes 

/oZ(  I  _  ttAi/T  _  (l  +  ^^^-co»(2Aa.r/Q))'\ 

I  2  6a  (2Au-r/a)^  i 

-y  -  -  -  ^  j  ^ 

2  ^  A  ,.r ->2 -fa  A  ^'T'\  I  a^  I  2a(\  irAi/T  (l  +  -^^-co*(2Au;r^)) . 

55(xAi^-j  J  +  p-  +  - 6^ - (2Au;r/a)2  j 

Expression  (47)  predicts  the  SNR  at  the  decision  gate  of  a  well-designed  dual  filter  heterodyne  FSK 
lightwave  system  in  presence  of  laser  phase  noise  and  finite  frequency  deviation.  We  note  that  for 
a  well-designed  system,  At'T  <  a  <  2AljT.  Clearly,  expression  (47)  is  an  approximation  for  the 
SNR  at  the  decision  gate.  The  inaccuracy  of  expression  (47)  compared  to  the  exact  SNR  results 
given  by  expressions  (28)-(43),  however,  is  only  0.1  dB  for  a  well-designed  system.  In  Table  I,  simple 
guidelines  are  provided  for  the  choice  of  aopt  and  2A /jT  for  a  given  Ai>  in  well-designed  systems. 


C.  The  Bit  Error  Rate 


A  simple  estimate  of  the  BER  can  be  obtained  by  using  the  Gaussian  approximation  [9],  [18J 


BER  =  Q(7)  =  -4=  (48) 

V2x  Jf 

We  note  that  expression  (48)  gives  the  accurate  value  of  BER  for  a  Gaussian  hypothesis  test  only  and 
assumes  that  the  decision  threshold  is  selected  optimally,  i.e.,  at  the  intersection  of  the  conditional 
pdf’s  of  wpT  calculated  for  data  =  1  and  for  data  =  0.  As  mentioned  before,  in  the  problem  inves¬ 
tigated,  the  pdf  of  wpx  is  generally  non-Gaussian.  It  was  shown  in  [9]  that  using  Gaussian  PDF’s 
for  BER  evaluation  leads  to  an  inaccuracy  of  approximately  2.6  dB.  This,  however,  is  not  a  serious 
limitation  in  itself  since  it  can  be  somewhat  rectified  using  an  empirical  factor.  Such  an  empirical 
factor  was  shown  to  be  useful  in  estimating  the  BER;  in  particular,  it  was  shown  that  the  inaccuracy 
of  the  BER  predictions  of  Gaussian  approximation  can  be  reduced  to  less  than  1  dB  over  a  wide 
range  of  linewidth  values  (up  to  250%)  when  such  an  empirical  correction  factor  is  used.  Hence,  in 
this  paper  we  estimate  BER  as 
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(49) 


BER  =  Q(7')  =  r 
'  y/2^J-y 

where  k  =  1.36  is  the  empirical  factor  used  for  reducing  the  inaccuracy  of  the  Gaussian  BER  estimate 
to  0  dB  at  AuT  =  0. 

It  should  be  noted  that  though  the  absolute  accuracy  of  the  Gaussian  approximation  technique  is 
not  perfect,  a  modified  Gaussian  approximation  does  provide  a  very  useful  analytical  tool  for  studying 
the  impact  of  crucial  system  parameters  such  as  finite  frequency  deviation  and  laser  linewidth  on 
system  performance. 

D.  Numerical  Results 

Figure  3  shows  the  optimum  IF  filter  bandwidth  values  Oopt  versus  normalized  laser  linewidth  for 
fixed  values  of  the  frequency  separation  2A  fdT.  We  observe  that  for  a  fixed  linewidth,  the  required 
Oopt  decreases  as  the  frequency  deviation  becomes  smaller.  Tbe  physical  reason  of  this  phenomenon  is 
the  so-called  crosstalk.  As  the  frequency  deviation  gets  narrower,  the  IF  filter  collects  more  crosstalk 
from  the  other  signal.  To  maintain  the  same  BER  (let’s  say  BER  =  10“®)  as  in  the  case  of  infinite 
frequency  deviation,  a  narrower  IF  filter  bandwidth  must  be  used  in  order  to  reduce  the  influence  of 
crosstalk.  There  is,  however,  a  certain  IF  filter  bandwidth  value  beyond  which  a  further  reduction  in 
IF  filter  bandwidth  is  detrimental  because  the  information-bearing  signal  gets  substantially  truncated 
and  the  loss  in  signal  power  becomes  more  than  the  loss  in  noise  power.  This  tendency  can  easily  be 
observed  in  Figure  4(a).  Figure  4(b)  shows  Ogpt  versus  normalized  frequency  deviation  for  several 
Unewidths  at  BER  =  10“®.  A  careful  inspection  of  Figure  4(b)  reveals  that,  at  each  fixed  linewidth 
there  is  a  required  Oopt  and  2A fjT  for  maintaining  a  BER  =  10“®.  We  emphasize  that  Figure 
4(b)  does  not  necessarily  correspond  to  a  well-designed  system.  When  AvT  =  1.0,  for  example. 
Figure  4(b)  indicates  that  both  Uopt  and  2A f^T  can  be  as  small  as  3  and  a  BER  =  10“®  can  still 
be  maintained.  Such  a  system,  however,  is  not  a  well-designed  system.  It  is  clear  from  Table  I  that. 
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when  At/T  =  1.0,  Oopt  =  6  and  2A  fjT  a  5.46  in  a  well-designed  system. 

Figures  5-9  show  BER  versus  ^  for  fixed  linewidth  values  and  for  a^pt  as  the  frequency  devia¬ 
tion  varies  parametrically.  As  expected,  for  a  fixed  linewidth  value,  the  sensitivity  of  the  system 
deteriorates  as  frequency  deviation  becomes  smaller.  As  an  example.  Figure  7  shows  that,  when 
2Afti  =  0.75J?6  the  sensitivity  of  the  system  is  3  dB  worse  than  the  ideal  case  {2Afd  =  oo).  Note 
that  (see  Figures  3  and  4(a))  Oopt  =  1  for  2A fd  =  Q.lbRb  as  opposed  to  Oopt  =  4  in  the  ideal  case 
when  AuT  =  0.16.  The  curves  shown  in  Figures  5-9  are  plotted  using  a  values  which  are  optimum 
only  at  BER  =  10“®.  Hence,  for  BER  /  10~®  the  curves  are  not  optimum.  This  is  the  main  reason 
for  the  better  performance  of  the  2A /j  =  0.75Ri,  curve  compared  to  the  2A  fd  =  l.SRd  curve  at  BER 
values  larger  than  10~®  in  Figure  8. 

In  Figures  10-14  the  BER  performance  is  shown  versus  ^  for  a  fixed  frequency  deviation  value 
as  the  laser  linewidth  increases.  It  can  be  observed  from  these  Figures  that  for  a  fixed  frequency 
deviation,  there  is  a  finite  degradation  in  sensitivity  (or  an  increase  in  the  required  |  for  BER  =  10“®) 
as  linewidth  becomes  larger.  Figure  12,  for  instance,  shows  that  there  is  approximately  a  2.5  dB 
sensitivity  penalty  when  the  linewidth  increases  from  0  to  16%,  for  a  fixed  frequency  deviation  of 
2A/d  =  l.SRi.  Another  important  result  which  should  be  observed  from  Figures  10-14  is  that  the 
aforementioned  effect  becomes  stronger  for  decreasing  values  of  frequency  deviation. 

In  Figures  15-17  the  sensitivity  penalty  (in  dB)  is  plotted  versus  laser  linewidth  for  fixed  frequency 
deviation  values.  Figure  15,  for  example,  clearly  illustrates  that  for  a  fixed  linewidth  value  the 
sensitivity  penalty  increases  as  the  frequency  separation  between  the  two  tones  decreases.  For  a 
linewidth  of  50%,  Figure  15  shows  that  the  sensitivity  penalty  becomes  more  than  5  dB  for  a  frequency 
separation  of  2A  fd  =  Rh  which  is  a  drastic  deterioration  compared  to  0.88  dB  penalty  in  the  ideal 
case. 

Figure  16  shows  the  sensitivity  penalty  of  the  system  under  investigation  versus  frequency  devi¬ 
ation  2A fdT  for  several  laser  linewidths  when  optimum  IF  filter  bandwidth  values  are  employed.  It 
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can  be  observed  from  Figure  16  that,  for  a  1  dB  sensitivity  penalty  the  required  frequency  devia¬ 
tion  is  «  2A/<i  =  0.72i2i  for  zero  linewidth  whereas  this  number  goes  up  to  2A/d  =  SARi,  for  50% 
linewidth.  We  emphasize  that  in  Figure  16  the  a  values  used  are  always  optimum.  It  is  interesting 
to  contrast  the  results  of  Figure  16  with  those  where  a  values  are  not  optimum.  This  is  illustrated 
in  Figure  17.  In  Figure  17,  each  sensitivity  penalty  curve  uses  the  a  value  which  is  optimum  only 
for  the  ideal  case  (a,n/-opt);  i-C-i  when  2A f^T  =  oo.  It  can  be  easily  seen  that  suboptimum  a  values 
will  make  the  frequency  deviation  requirement  for  1  dB  penalty  worse. 

IV.  PHYSICAL  INTERPRETATION  OF  RESULTS 

The  performance  of  the  dual-filter  heterodyne  FSK  lightwave  receiver  under  investigation  depends 
on  the  IF  laser  linewidth,  frequency  deviation  between  the  two  frequencies  of  data  transmission,  IF, 
and  the  bandwidth  of  the  two  IF  filters.  In  this  study  we  assume  that  IF  is  sufficiently  large  so 
that  the  sensitivity  penalty  due  to  finite  IF  is  negligible.  This  assumption  also  enables  us  to  isolate 
the  impact  of  finite  frequency  deviation  on  system  performance  in  presence  of  phase  noise  and  shot 
noise. 

In  this  paper  it  is  shown  that  the  frequency  deviation,  laser  linewidth,  and  the  optimum  IF  filter 
bandwidths  are  interrelated  system  parameters.  Furthermore,  this  relationship  is  quantified  by  the 
results  of  our  analysis. 

It  is  interesting  to  note  that,  though  they  stem  from  different  physical  origins,  the  net  impact  of 
finite  frequency  deviation  on  system  performance  is  very  similar  to  the  impact  of  laser  linewidth  on 
system  performance.  For  each  linewidth  and  frequency  deviation  value,  there  is  an  optimum  IF  filter 
bandwidth.  If  for  that  fixed  linewidth  value  the  frequency  deviation  is  decreased,  more  crosstalk 
power  is  collected  by  each  IF  filter.  For  maintaining  the  same  BER,  a  smaller  IF  filter  bandwidth  is 
required.  When  the  IF  filter  bandwidth  is  reduced,  however,  the  information-bearing  signal  is  also 
truncated.  For  each  linewidth  there  is  a  critical  value  of  the  IF  filter  bandwidth  beyond  which  a 
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further  reduction  in  bandwidth  implies  more  loss  in  signal  power  than  noise  power  and,  therefore, 
a  severe  BER  floor.  Hence,  for  optimum  system  performance  the  IF  filter  bandwidth  should  be 
optimized  for  each  linewidth  value  and  frequency  deviation.  If  this  is  not  done  and  the  optimum  IF 
filter  bandwidth  for  the  ideal  case  (i.e.  if  a  =  ainj-opt)  is  used  for  all  frequency  deviation  values,  the 
sensitivity  penalty  paid  rises  sharply  as  the  frequency  deviation  decreases.  This  result  is  illustrated  in 
Figure  18  for  a  linewidth  of  27%.  In  other  words,  laxger-than-optimum  IF  filter  bandwidth  values  may 
have  a  very  profound  adverse  effect  on  system  performance.  The  physical  reason  for  this  degradation 
is  the  excess  crosstalk  power  in  addition  to  the  excess  shot  noise  collected  by  the  IF  filters  when  the 
bandwidths  used  are  larger-than-optimum. 

Similarly,  for  a  fixed  frequency  separation  2A/4T,  the  optimum  IF  filter  bandwidths  required 
increase  as  the  linewidth  increases.  In  other  words,  in  order  to  maintain  a  BER  =  10~^  larger  IF 
filter  bandwidths  are  required  for  larger  linewidth  values.  Therefore,  if  one  wants  to  pay  a  1  dB 
sensitivity  penalty  due  to  laser  linewidth  at  a  fixed  value  of  frequency  deviation,  it  is  clear  that  there 
is  a  maximum  permissible  laser  linewidth.  Beyond  this  value,  the  sensitivity  penalty  is  more 
than  1  dB.  This  phenomenon  is  a  result  of  the  interaction  of  the  influence  of  crosstalk  due  to  finite 
frequency  deviation  with  the  influence  of  phase  noise.  Specifically,  for  larger  values  of  linewidth  a 
larger  value  of  Oopt  is  required.  As  Oopt  gets  larger,  however,  the  IF  filters  collect  more  crosstalk  and 
the  sensitivity  deteriorates. 

The  sensitivity  penalty  curves  shown  in  Figures  16  and  17  also  reveal  an  important  physical 
phenomenon.  When  the  linewidth  is  zero,  for  example,  the  sensitivity  penalty  is  zero  at  different 
frequency  deviation  values;  namely,  at  integer  multiples  of  the  bit  rate.  These  values  of  frequency 
deviation  which  give  equivalent  performance  with  infinite  frequency  deviation  are  known  as  orthog¬ 
onal  values.  Similarly,  a  dual  filter  FSK  system  which  uses  integer  multiples  of  bit  rate  for  the 
frequency  deviation  between  the  two  information  frequencies  is  known  as  an  orthogonal  FSK  system. 
Figure  16  clearly  shows  that,  in  such  a  system  the  sensitivity  penalty  has  an  oscillatory  behaviour 
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as  frequency  deviation  becomes  smaller,  up  to  a  certain  frequency  deviation  (up  to  2A/<i  =  Rf,). 
Hence,  surprisingly,  the  system  performance  for  2A/j  =  Rb,  for  example,  is  actually  better  than 
the  system  performance  at  2Afd  =  2.5Rb.  Note  that  the  sensitivity  penalty  increases  uniformly  and 
sharply  for  2A/j  <  Rb-  A  simple  mathematical  derivation  for  the  performance  of  the  dual-filter 
FSK  system  with  zero  linewidth  is  given  in  [21].  That  derivation  gives  some  insight  into  the  reasons 
of  the  mentioned  oscillatory  behaviour.  It  can  be  shown  that  when  fi  and  /o  are  orthogonal  the 
two  signals  are  uncorrelated  in  the  signal-space  constellation  diagram.  Therefore,  as  long  as  the 
system  is  orthogonal  its  performance  is  not  affected  by  the  actual  value  of  the  frequency  deviation. 
For  non-negligible  linewidths,  Figure  17  shows  the  same  type  of  oscillatory  behaviour  for  sensitivity 
penalty.  Note,  however,  that  the  ideal  performamce  is  never  reached  at  any  finite  frequency  deviation 
value  for  non-negligible  linewidths.  In  other  words,  the  dual-filter  FSK  lightwave  system  is  never 
orthogonal  in  the  true  sense  for  finite  (non-negligible)  linewidths. 

The  sensitivity  penalty  results  shown  in  Figures  16  and  17  can  be  checked  with  the  classical 
communication  theory  literature  for  zero  linewidth  [19]-[22].  In  all  these  references,  it  is  a  well 
established  fact  that  the  crosstalk  is  negligible  when  2A/rf,=  Rb-  This  gives  us  a  certain  confidence 
in  the  validity  of  the  approach  used  in  this  paper.  For  non-negligible  linewidths,  however,  it  remains 
to  be  seen  how  close  the  results  predicted  by  our  approximate  theory  are  to  those  which  will  be 
predicted  by  a  much  more  exact  approach  such  as  [10]. 

Though  in  this  paper  a  single  channel  dual-filter  FSK  lightwave  system  is  studied,  the  results 
obtained  can  give  very  rough  estimates  about  the  electrical  domain  channel  spacings  required  in 
a  multichannel  dual-filter  FSK  system.  In  such  a  system,  clearly  there  will  be  adjacent  channel 
interference  in  addition  to  the  co-channel  interference  due  to  finite  frequency  deviation. 
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V.  CONCLUSIONS 


In  this  paper  the  impact  of  finite  frequency  deviation  on  the  performance  of  dual-filter  FSK  lightwave 
systems  in  presence  of  laser  phase  noise  and  shot  noise  is  studied  and  quantified.  Our  analysis  shows 
that  for  zero  linewidth,  a  frequency  deviation  of  2A/j  =  0.72i24  is  required  for  1  dB  penalty.  When 
the  linewidth  is  50%,  for  1  dB  sensitivity  penalty  the  required  frequency  deviation  increases  to 
2Afd  =  3.4iZ4.  In  this  work  we  also  show  that  for  a  fixed  linewidth,  the  optimum  IF  filter  bandwidth 
decreases  as  the  frequency  deviation  becomes  narrower.  As  an  example,  for  At/  =  O.bRt,  Qopt  reduces 
from  7  to  3  as  2A fj  reduces  from  very  large  values  to  1.5i26-  The  BER  computations  carried  out 
in  this  paper  enable  us  to  estimate  the  largest  permissible  linewidth  values  for  a  fixed  frequency 
deviation.  One  of  the  main  strengths  of  this  analysis  is  the  fact  that  it  leads  to  a  simple  closed- 
form  SNR  expression  in  terms  of  the  main  system  parameters.  This  closed-form  simple  expression 
facilitates  physical  insight  into  the  impact  of  finite  frequency  deviation  on  system  performance  and 
provides  simple  guidelines  for  practical  system  design. 

The  results  obtained  in  this  paper  are  based  on  the  Gaussian  assumption  for  the  distributions  of 
the  two  decision  variables.  We'checked  the  results  of  our  analysis  for  zero  linewidth  with  the  results 
given  by  classical  communication  theory  and  found  a  good  match. 

Factors  not  taken  into  account  may  change  the  results  obtained  in  this  paper.  Receiver  thermal 
noise  and  finite  IF  are  among  such  factors.  The  ideal  case  of  //f  >  ^  was  assumed  in  this  study 
in  order  to  isolate  the  impact  of  finite  frequency  deviation.  Further  study  is  needed,  however,  to 
quantify  the  impact  of  finite  IF  (in  presence  of  laser  phase  noise,  finite  frequency  deviation,  and  shot 
noise)  on  the  system  performance  of  the  dual-filter  FSK  lightwave  systems. 

The  obtained  results  should  be  conceived  as  essential  first  steps  for  computing  the  electrical  do¬ 
main  and  optical  domain  channel  spacing  required  for  a  prescribed  sensitivity  penalty  in  multichannel 
dual-filter  FSK  lightwave  systems. 
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Table  1:  Requirements  for  a  well-designed  receiver 


AuT  <  Q 

^  0.29  +  5.95(Ayr)  -  0.68(Ai/T)2  <  [a] 

a  <  2A fdT 

=»  a  <  1.073(2 A/jT) 

Aj/T  <  2AfdT  =>  0.9  -I-  4.57(Ai/r)  -|-  1.9(At/T)*  -  1.91(Ai/r)3  <  2AfdT 


Figure  Captions  : 


Fig.  1  Block  diagram  of  the  dual-filter  heterodyne  FSK  system  under  investigation. 

Fig.  2  Physical  scenario  under  consideration  : 

(a)  The  frequency  spectrum  of  the  two  information-bearing  signals  with  infir ’^ely  large 
frequency  separation. 

(b)  The  same  frequency  spectrum  with  finite  frequency  separation. 

(c)  The  frequency  spectrum  of  the  two  information-beziring  signals  with  finite  frequency 
separation  and  zero  phase  noise. 

(d)  The  spectrum  in  (c)  with  the  same  frequency  separation  and  non-negligible  phase  noise. 

Fig.  3  Optimum  normalized  IF  filter  bandwidth  versus  normalized  linewidth  for  several  values  of 
frequency  deviation  at  BER  =  10~®. 

Fig.  4(a)  Optimum  normalized  IF  filter  bandwidth  versus  normalized  linewidth  for  several  values 
of  frequency  deviation  at  BER  =  10“®. 

Fig.  4(b)  Optimum  normalized  IF  filter  bandwidth  versus  normalized  frequency  deviation  for  sev¬ 
eral  linewidths  at  BER  =  10~^. 

Fig.  5  BER  versus  IF  SNR  for  several  values  of  frequency  deviation  when  the  linewidth  is  zero. 

Fig.  8  BER  versus  IF  SNR  for  several  values  of  frequency  deviation  when  At/T  =  0.04. 

Fig.  7  BER  versus  IF  SNR  for  several  values  of  frequency  deviation  when  AvT  =  0.16. 

Fig.  8  BER  versus  IF  SNR  for  several  values  of  frequency  deviation  and  when  AvT  =  0.27. 

Fig.  9  BER  versus  IF  SNR  for  several  values  of  frequency  deviation  and  AvT  =  0.50. 
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Fig.  10  BER  versus  IF  SNR  for  several  linewidths  and  infinite  frequency  separation  between  /.  and 


fo. 

Fig.  11  BER  vers.  :  IF  SNR  for  several  linewidths  when  2Afd  =  4.5/2/,. 

Fig.  12  BER  versus  IF  SNR  for  several  linewidths  when  2A fd  =  1.5/2;,. 

Fig.  13  BER  versus  IF  SNR  for  several  linewidths  when  2A fd  =  0.75/2fc. 

Fig.  14  BER  versus  IF  SNR  for  several  linewidths  when  2A fd  =  0.3/26. 

Fig.  15  Sensitivity  penalty  (in  dB)  versus  normalized  linewidth  for  several  values  of  frequency 
deviation  at  BER  =  10“^. 

Fig.  16  Sensitivity  penalty  (in  dB)  versus  normalized  frequency  de”’ation  for  several  linewidths  at 
BER  =  10~®.  AH  curves  are  computed  using  a  =  Oopt  at  BER  =  10~®. 

Fig.  17  Sensitivity  penalty  (in  dB)  versus  normalized  frequency  deviation  for  several  linewidths 
at  BER  =  10“®.  iMl  curves  are  computed  using  the  optimum  a  values  for  infinite  frequency 
separation  (a,n/-apt). 

Fig.  18  Impact  of  suboptimum  a  values  on  the  sensitivity  penalty  for  Ai/T  =  0.27  at  BER  =  lO”®. 
The  solid  line  corresponds  to  the  curve  computed  with  Oopt  for  all  frequency  deviation  values 
and  the  broken  line  corresponds  to  the  curve  computed  with  Oinf-opt- 
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LINEWIDTH.INSENSmVE  COHERENT  OPTICAL  ANALOG  LINKS 

Delfin  Jay  M.  Sabido  DC,  Thomas  K.  Fong,  Robert  F.  Kalman,  and  Leonid  G.  Kazovsky 

Stanford  University,  Department  of  Electrical  Engineering 
202  Durand  Bldg.,  Stanford,  CA  94305-4055 


ABSTRACT 

Coherent  optical  analog  links  offer  several  impcxtant  advantages  over  conventional  direct  detection  links 
including  the  ability  to  separate  wavelength-division  multiplexed  signals,  frequency  translation,  and  utilization  of 
angle  modulatioo  formats.  However,  the  wide  linewidth  of  semiconductor  lasers  can  cause  substantial  performance 
degradation  of  these  links.  This  paper  analyzes  the  signal-to-noise  ratio  and  the  dynamic  range  of  amplitude 
modulated  (AM)  and  frequency  modulated  (FM)  coherent  links,  and  compares  them  to  direct  detection  links.  It  is 
concluded  that  a  property  designed  AM  system  is  insensidve  to  laser  linewidth.  For  optical  powers  less  than  ImW, 
the  performaitce  of  coherent  AM  links  is  better  than  that  of  direct  detection  links;  for  optical  powers  greater  than 
ImW,  the  performance  of  the  two  links  is  nearly  the  same.  Coherent  FM  links  have  the  potential  to  increase  the 
SNR  and  the  dynamic  range  by  num  than  10  dB  as  compared  to  direct  detection  and  cohere  AM  links.  However, 
FM  links  are  potentially  sensitive  to  laser  linewidth,  and  require  elaborate  phase  noise  cancellation  techniniues  when 
semiconductor  lasen  are  used. 


1  TNTRODIICTIQN 

There  has  been  an  increasing  interest  in  the  use  of  optical  fiber  for  the  transmission  of  high  frequency,  high 
dynamic  range  analog  signals.  Applications  of  analog  o|^al  links  include  antenna  remoting,  phased  array  radar, 
interconnection  of  microwave  systems,  and  cable  television  systems  [1,  2,  3].  Current  approaches  utilize  direct 
detection  and  either  Nd:  YAG  lasers  [4, 5, 6]  or  semiconductor  lasen  [4, 7, 8].  In  this  paper,  we  investigate  coherent 
links  employing  semiconductor  lasen  for  b^  signal  transmission  and  heterodyning  in  the  receiver. 

Coherent  detection  facilitates  the  separation  of  wavelength  division  multiplexed  signals,  can  perform 
frequency  translation,  and  allows  the  use  of  alternative  modulation  formats  such  as  phase  and  fieque^  modulation. 
Semiconductor  lasen  are  attractive  due  to  their  niggedness,  coinpacmess,  low  power  consunqKioo,  convenient 
frequency  tunability  and  integratability  with  other  optical  and  electriod  devices.  However,  semiconductor  lasers  have 
the  disadvantage  of  wide  linewidths  ranging  from  1  MHz  to  KX)  MHz.  Since  coherent  systems  can  detect  the  phase 
of  the  optical  signal,  they  are  potentially  susceptible  to  the  effects  of  phase  noise  associated  with  wide  laser 
linewidths.  This  phenomenon  represents  a  major  obstacle  to  the  practical  implementation  of  coherent  analog  optical 
links. 


Several  for  frghting  laser  phase  noise  have  been  proposed  and  demonstrated  fr^  digital  systems. 

In  contrast,  the  issue  of  obtaining  linewidth-insensitive  performance  in  coherent  analog  systems  has  received  little  — 
if  any  —  attention.  In  this  paper,  we  present  optical  signal  transport  systems  which  have  the  potential  to  be 
insensitive  to  laser  linewidth.  We  perform  a  theoretical  analysis  of  the  signal-io-noise  ratio  (SNR)  and  the  dynaimc 
range  of  AM  and  FM  heterodyne  systems  and  compare  the  results  to  those  of  direct  detection  systems. 

The  rest  of  the  paper  is  organized  as  follows:  Section  2  contains  the  definition  of  the  dynamic  range.  The 
performance  of  a  conventional  direct  detection  system  is  reviewed  briefly  in  section  3  while  AM  and  FM  coherent 
systems  are  dealt  with  in  sections  4  and  5,  respectively.  Comparison  between  coherent  AM,  coherent  FM,  and  direct 
detection  systems  is  conducted  in  section  6  and  conclusions  are  contained  in  section  7. 
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The  dynamic  range  is  defmed  as  the  ratio  of  the  maximum  input  RF  power  to  the  minimum  input 

RF  power  Pinjnin  ***  carried  by  the  fiber  optic  link  [9]: 


DR  =*  10  log 


Since  the  square  of  the  moduladon  index  m  is  proportional  to  the  input  RF  power,  (1)  can  be  rewritten  as  follows: 


D/?  =  101ogl-^ 


where  and  mmax  ve  the  minimum  and  maximum  modulation  indexes  the  system  can  handle,  respectively. 
mfnin  is  the  modulation  index  of  the  input  signal  that  results  in  equal  signal  and  noise  powers  (SNR  -  1).  For 
systems  with  inherent  nonlinearides  in  its  components  (in  other  words,  for  all  pracdcal  systems),  the  maximum 
moduladon  index  is  limited  by  third  order  intermoduladon  distortions  (IKIDD).  To  evaluate  the  relative  magnitude  of 
the  IMDs,  two  equal  amplitude  signals  at  frequencies  and  tU]  are  transmitt^  through  the  system  and  the  amplitude 
of  the  third  order  terms  at  frequencies  and  2o)2~<Oi  sre  measured.  The  third  order  IMDs  increase  as  the  cube 
of  the  input  voltage  while  the  useful  signal  grows  linearly.  This  behavior  is  illustrated  in  Fig.  la  is  the 

value  of  m  that  makes  the  IMD  power  equal  to  the  noise  power 


where  and  are  the  third  order  distortion  and  noise  currents  at  the  output  of  the  receiver,  respectively. 
When  ntmax  is  defined  as  per  (3).  the  ratio  dedned  by  (2)  is  called  the  spurious-free  dynamic  range  (SFDR); 
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Fig.  1.  Dehnitions  of  the  dynimic  ruge:  (a)  The  spurious-free  dynamic  range  (SFDR); 
(b)  The  fundamental  limit  of  the  dynamic  range. 
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In  the  absence  of  any  nonlinearities  ntmax  equals  one  and  (2)  becomes: 

DR^  =  lOlogf 


^  1  ^ 


(5) 


where  DRfund  the  fundamental  limit  of  the  dynamic  range  illustrated  in  Fig.  lb.  Qearly,  SFDR  can  never  exceed 

DRfu/id . 


3.  DIRECT  DETECTION  LINKS 

In  this  section,  we  review  direct  detection  links.  The  results  of  this  section  will  serve  as  a  basis  for 
comparison  with  the  coherent  AM  and  FM  systems  presented  in  sections  4  and  S,  respectively.  The  impact  of  laser 
relative  intensity  noise  (RIN)  is  neglected  in  this  section  and  in  the  initial  analysis  of  the  AM  coherent  system;  it  is 
dealt  with  in  section  4. 


The  block  diagram  of  an  externally  modulated  direct  detection  system  is  shown  in  Fig.  2.  The  light  from 
the  transmitting  laser  is  modulated  by  an  external  Mach-Ziehnder  modulator. 


Transmioer 

laser 


Input 


Amplitude  Phocodetector 

modulator 


Output 

signal 


Fig.  2.  Block  diagram  of  a  direct  detection  receiver. 
It  can  be  shown  that  the  received  optical  field  «$(()  u  given  by: 


=  cxp(;[<»,r+0^(r)  +  m-ac(r)])+exp^;  +  0„(f)  +  -| 


(6) 


where  x(t)  is  the  input  RF  voltage  (namialixed  to  unity  amplitude);  Fj  is  the  received  optical  power;  atg  and  dns(0 
are  the  optical  carrier  frequency  and  phase  noise  of  the  laser  transmitter,  respectively;  and  m  is  the  imdulation  index 
defined  by  the  followtng  expression: 


nV. 

ms - ^ 

IV, 


(7) 


where  Vp  is  the  peak  amplitude  of  the  applied  RF  voltage  and  is  the  half-wave  voltage  of  the  modulator.  The 
output  current  of  the  photodetector  is: 

ij.(t)  =  /?|«,(f)|*  +  n(t)  =  /?/»,[!  +  sin(m  •  x(f))]  +  n(t)  (8) 

where  /?  is  the  photodetector  responsivity  and  nfr)  is  the  additive  white  Gaussian  noise  at  the  output  of  the 
photodetector  consisting  (tf  the  shot  and  thermal  noises.  The  single-sided  PSD  of  n(t)  is  given  by. 
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5,(/)=  n*  77,*  +  T7rt  =  2«/?P,+-— ,  for0<f<oo  (9) 

where  and  are  the  PSD's  of  the  shot  noise  and  thermal  noise,  respectively,  e  is  the  election  charge,  k  is  the 
Boltzmann's  constant,  T  is  the  receiver  noise  temperature,  and  r  is  the  input  resistance  of  the  amplifier. 

To  determine  the  fimdamental  limit  of  the  perf(»mance  of  this  system,  we  assume  for  a  moment  that  the 
external  modulator  is  replaced  by  an  ideal  modulator  having  no  nonlinear  distortions  in  the  region  of  operation. 
Then  sin  m  x(t)  >  m  x(i)  and  (8)  becomes: 

Fundamental  limic  ij.(r)  =  /?/*,[! +  mac(f)]  +  rt(0  (10) 

The  SFDR  is  evaluated  by  assuming  a  nonlinear  external  modulator  with  the  third  order  terms  being  the  dominant 
IMDs.  In  this  case. 


sin[m  •  j:(r)] »  m  •  x(t)  - 

and  (8)  becomes 

tr  (/)  =  +  m  •  x(t)  -  Ii:L£(£>L|  +  n(t) 

Similar  to  [10]  and  [1 1],  we  assume  the  low  pass  filter  to  have  an  impulse  response  of 


r 

25, 

for  r  € 

0,-1 

< 

-  25j 

0, 

fort « 

0,-1 

L  25  J 

(11) 


(12) 


(13) 


where  B  is  the  noise  equivalent  bandwidth.  The  output  signal  w(t)  is  then  expressed  as: 

w(0  =  At(0*ir(0  (14) 

Substituting  ( 10)  aixl  (13)  into  (14)  and  evaluating  the  total  received  power,  the  SNR  and  are  found  to  be: 


SNR  = 


r}B 


(15) 


(16) 
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where  n  is  the  PSD  of  the  additive  noise  given  by  (9),  and  is  the  frequency  (or  center  frequency  of  the  two-tone 

signal)  of  the  transmitted  RF  signal  Similariy,  using  (12)  in  (14)  and  evaluating  the  total  output  power,  the  SFDR 
is  found  to  be: 


SFD/?  =  10  log 


■ 

/?*/*/  sinc^l — =- 1 

A 

'  UitBj 

H 

r]B 

(17) 


The  numerauxs  of  (15),  (16),  and  (17)  represent  the  signal  while  their  denominators  represent  the  noise.  In  the 
following  sections,  we  present  AM  and  FM  coherent  systems  and  compare  their  performance  with  the  direct  detection 
results  given  by  (15),  (16),  and  (17). 


4.  AM-WERNAH 


BLINKS 


Wideband  filter-recdfier-narrow-band  filter  (WIRNA)  processing  has  been  shown  to  be  effective  in  achieving 
Unewidth  insensitive  performance  in  amplitude  shift  keying  (ASK)  and  wide-deviadon  frequency  shift  keying  (FSK) 
homodyne  and  heter^jm  digital  systems  [11,  12,  13].  Since  tte  phase  information  is  discarded  in  the  WIRNA 
receiver,  it  w<»ks  eftlecdvely  with  amplitude  modulation  (AM).  In  this  section,  we  analyze  the  SNR  and  dynamic 
range  petfotmance  of  the  AM- WIRNA  heterodyne  receiver. 


Transmitter 

laser 


Of/') 


Photodetector 


RECEIVER 


Amplitude 

modulator 


«(r) 

Square 

Law 

Detector 

v(r)r 


NLPF 


w(r) 


Output 

signal 


WBFF  -  wideband  bandpass  filler 
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Fig.  3.  Block  diagram  of  the  AM-WIRNA  heterodyne  link. 


4.1  Anahsis  of  the  AM-WIRNA  heterodyne  Unk 

The  block  diagram  of  the  AM-WIRNA  heterodyne  system  is  shown  in  Fig.  3.  Using  the  same  modulator 
as  in  the  direct  detection  system  of  section  3,  the  received  optical  signal  tslt)  is  given  by  (6).  The  local  oscillator 
(LO)  laser  has  an  optical  field  «  LO(t)  given  by: 

(18) 

where  PiOf  ^rdJ)(0  ^  <1*  optical  power,  optical  carrier  frequency  and  phase  noise  of  the  local  oscUlator 

laser,  respectively.  The  output  current  of  the  photodetector  ij{t}  is  thus  given  by: 
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A  (19) 

=  :^[cos(m-  x(r))  •  cos(cof  +  0(f))  -(l  +  sm(m  •  x{t)))  •  sin(Q)f  +  0(f))]  +  n(t) 

where  i4s  is  the  signal  an^litude,  <u  is  the  intermediate  frequency  (IF)  in  radians  per  second,  ^i)  is  the  total  phase 
noise,  and  /i(t)  is  the  total  additive  noise  at  the  output  of  the  photodetector  with  a  PSD  of: 


S,(f)  =  2eR{P^  +  P,)  +  ^, 

The  quantities  ^45,  oi  and  ^t)  are  given  by  the  following  expressions: 


for  0  <  f  <  00 


Mt)^2Ry[P^ 

0(0*  0,(0 -0z/,(f) 


amperes 

radians  per  second 
radian 


(20) 

(21) 

(22) 

(23) 


The  derivative  oi  ^t)  has  a  zero  mean  Gaussian  probability  density  with  a  power  spectral  density  (PSD)  of  [141: 

•Jj(/)  =  4;r  Av,  for  0  <  f  <  oa  (24) 

where  dv  «  Av^  +  is  the  full  width-at-half-tnaximum  (FWHM)  linewidth  at  the  IF,  and  Av^  and  AVj^q  are 
the  linewidths  of  the  transmitter  and  LO  lasers,  respectively. 

To  determine  the  fundamental  limit  of  the  dynamic  range  of  this  system,  we  assume  that  sin  mx(0  •*  mx(t) 
and  cos  m  x(t)  •  V,  then  (19)  bectxnes: 

Fundamental  limit  1^(0  *;^[cos(taf+ 0(0) -(l  +  'f*’^(0)'Sin(a)f  + 0(0)] +n(0  (25) 

When  nonlinearities  are  considered,  the  approximation  in  (1 1)  is  used  for  the  sine  term  in  (19)  while  cos  m  x(t)  s  i 
since  the  even-crdeied  terms  are  canceled  by  the  receiver.  Then  (19)  becmnes: 


cos(oir  +  0(f))  -  +  m  •  x(t)  -  ^ 


•  sin(cof  +  0(0) 


+  n(f)  (26) 


The  current  ij/r)  is  processed  by  the  bant^>ass  filter  (BPF)  such  that  u(f)  =  where  hg(0  is  the 

impulse  response  of  the  BFF.  Similar  to  [10]  and  [1 1],  we  assume  hg(t)  to  be; 


A,(f)* 


0, 


for  f  6 

forf « 

!”■?] 

(27) 


where  Sr  is  the  noise  equivalent  bandwidth  of  the  BPF.  At  the  output  of  the  square  law  detector  (SU)): 
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KO  =  [w(f)f 


(28) 


and  finally,  the  ouC{>ut  signal  of  the  LPF  and  of  the  system  is  expressed  as: 
w(0  =  /it(0*ir(0 

where  h^( t)  is  the  impulse  response  of  the  LPF  given  by: 


• 

2B,, 

for  re 

0. 

k 

for  re 

"•4 

(29) 


(30) 


where  ^2  ^  ^  noise  equivalent  bandviddth  of  the  LPP.  Since  the  laser  phase  noise  causes  the  received  signal 
spectnun  to  widen,  the  selection  of  Bj  and  B2  is  critical  to  the  system  performance.  If  a  narrow  BPF  (with  respect 
to  the  signal  bandwidth)  is  used,  some  of  the  signal  power  will  be  lost  while  a  wider  BPF  will  collea  mtxe  additive 
noise.  In  this  analysis,  we  select  the  BPF  bandwidth  to  be  wide  enough  to  pass  9S%  of  the  signal  power.  From 

[15],  the  bandwidth  required  to  accomplish  this  goal  is  related  to  the  LPF  noise  equivalent  bandwidth  and  the  total 
laser  linewidth  as  follows: 


B,=y(6B,)"+(117-Av)*  (31) 

The  autocorrelation  function  of  w(t)  is  evaluated  as  follows  [16]: 

/?.,(T)  =  £{w(0->v(f+T)}  (32) 

where  E{  }  denotes  the  expectation.  Setting  T  equal  to  zero  in  (32)  gives  the  total  ouqwt  power,  Pout- 
evaluaticm  of  Pout  is  extremely  complicated,  and  die  resulting  expression  is  very  long  (it  consists  of  more  than  30 
convoluted  terms).  The  total  output  power  can  be  expressed  as: 


(33) 

= +  (r  j/n* + r,  )a; + {r,m* + r, )  a* 

where  A f  is  the  signal  amplinide  defined  in  (21);  q  is  the  PSD  of  the  addidve  noise  given  in  (20);  m  is  the 
modulation  index;  and  all  the  r variables  depend  on  Bj  ,52  and  do  only  (Fy  depends  on  B^  andB2  only).  Table 
1  shows  values  of  die  rvariablea.  The  first  term  in  the  right  hand  side  of  (33)  is  the  desired  signal  power  while  the 
rest  are  noise  contributions  whose  sum  is  denoted  by 

P^j  is  the  noise  generated  via  the  phase-to-inieruity  noise  conversion  in  the  BPF  filter.  The  laser  phase 

noise  causes  the  received  spectrum  to  widen.  Therefore,  part  of  the  signal  spectram  is  cut  off  causing  signal 
distmtion  and  resulting  in  phase  noue-io-amplioide  noise  conversion.  Tto  term  is  absem  for  a  system  with  zero 
laser  linewidth  since  the  sig^  spectrum  remains  unchanged. 

The  other  two  noise  terms  P^^  and  P^  are  due  to  the  receiver  additive  noise,  caused  by  shot  and  thermal 
noises,  and  stem  from  the  squaring  operation  in  the  receiver.  This  results  in  the  beat  between  the  signal  and  the 
additive  noise  P^^  and  the  squared  additive  noise  term  The  signal  distortion  noise  and  signal-noise  beat 

expressions  have  two  terms  each.  This  is  caused  by  the  received  signal  having  a  carrier  and  message  term.  In  the 
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next  subsections,  the  SNR  and  dynamic  range  of  the  AM  system  will  be  analyzed  and  compared  with  the  direct 
detection  receiver  discussed  in  section  3. 


Table  1:  Values  of  the  T  variables. 


Laser 

Linewidth 

LPF  bandwidth 

B2 

r*! 

^2 

r'3 

^4 

f's 

^6 

OMHz 

IGHz 

0.3849 

0 

0 

7.58E+08 

3.33E+09 

8.67E-rl8 

10  MHz 

IGHz 

0.3849 

4.68E-09  2.46E-09 

3.95E+09 

1.35E+09 

7E+19 

42.  SNR  performance  of  coturent  AM  links 

The  SNR  of  the  AM-WIRNA  coherent  system  can  be  evaluated  by  taking  the  ratio  of  the  desired  signal 
power  to  the  total  output  noise  Using  (33),  we  obtain: 


(r,m‘ + r,)A,‘ + (r,m* + T,)^n + r.n" 


(34) 


It  is  clear  from  expression  (34)  that  the  system  has  three  regions  of  operation  corresponding  to  each  noise  term  being 
dcMninant  For  very  small  P^ ,  the  squared  addidve  noise  term  dominates  and  (34)  becomes: 


SNR  - 


for  very  small  P^ 


(35) 


Expression  (35)  predicts  a  20  dB/decade  increase  in  the  SNR  with  respect  to  Py  For  larger  optical  power,  the  signal- 
noise  beat  term  is  dominant;  it  gives  a  10  dB/decade  increase  of  SNR  vs.  P^ : 


SNR 


(r.m‘+r,)n  (r.m‘+r,)r, 


for  moderate  values  of  P^ 


(36) 


The  signal  distortion  term  due  to  imperfea  phase  noise  canceUadoo  dominates  for  large  P^ 


r  m* 

SNR  -  j  ^  fw  large  F,  (37) 

(r,m  +rjj 

Expression  (37)  predktt  that  the  SNR  is  independent  of  Pj  for  laige  signal  power.  Thus,  for  AM  coherent  systems 

with  a  fuiite  laser  linewidlh,  there  is  a  maximum  SNR  given  by  (37);  increasing  the  optical  power  beyond  this  point 
will  not  improve  the  system  performance.  For  the  zerr>  linewidth  case,  there  is  no  signal  distordon  so  that  there  are 
only  two  regions  of  operadoo  given  by  (33)  and  (36). 

The  SNR  performance  of  a  direct  detecdon  receiver  has  two  regions  of  operation.  For  small  P^  ,  the 
dominant  noise  term  is  the  thermal  noise  and  (IS)  becomes: 
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_  Uffg. 

rio^B 


SNR^ 


for  small  P, 


(38) 


while  for  large  P^  the  system  is  shot  noise-limited  with  the  SNR  given  by; 


SNR 


1/2  •  rn^R^P^  •  sinc^^ 


:^.2{ 

_ 4;cS 

leRB 


for  large  P 


(39) 


Expressions  (38)  and  (39)  predict  20  dB/decade  and  10  dB/decade  SNR  vs.  P  curves,  respectively. 


Bl  =  2GHz 
MHz,Bl  =  3GHz 


Fig.  4.  The  SNR  venu  the  received  optical  power  for  the  AM-WIRNA  receiver; 
r  -  500,  R  -  0.8  A/W.  T  -  300K,  and  Plo  -  30  feBm. 


Fig.  4  shows  SNR  versus  the  received  opdcai  power  for  the  direct  detection  and  for  the  AM-WIRNA 
heterodyne  systems.  This  figure  dearly  shows  the  two  regions  of  opendoo  of  the  direct  detection  receiver.  For 
small  Pj  (less  than  0  dBm)  the  AM-WIRNA  coherent  system  performs  better  than  the  direct  detection  system.  This 
is  because  the  thermal  noise  is  dominant  in  the  direct  detection  case  whereas  the  coherent  system  is  shot  noise 
limited.  AsF^  is  inciea.vjd,  the  shot  noise  for  the  direa  detection  system  increases  until  it  becomes  dominant  For 
large  optical  power,  the  direct  detection  system  performs  slightly  better.  Fig.  4  indicates  that  there  is  approximately 
a  3  dB  difference  between  the  direct  detection  and  the  zero  linewidtb  AM  coherent  system  for  very  large 

It  is  also  clear  from  Fig.  4  diat  in  the  coherent  system,  the  signal-noise  beat  term  dominates  for  the  range 
of  Ps  considertu.  Since  systems  with  larger  linewidths  have  larger  BPF  bandwidths  as  per  (31),  mme  additive  noise 
is  collected  resulting  in  a  bigger  signal-noise  beat  term  and  thus  a  lower  SNR  for  the  same  P^ .  The  effect  of  signal 

distortion  due  to  non  zero  linewidth  begins  to  strongly  affect  the  system  only  for  P^  approximately  equal  to  one 
watt  Thus,  for  reasonable  values  of  received  optical  power,  the  impact  of  phase  noise  is  small  rendering  the  system 
linewidth-insensitive. 
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4J.  Dynamic  TanBe.of  the  AM.wrRNi 

The  fimdamental  limit  and  spurious-free  dynamic  ranges  can  be  obtained  using  expressions  (5)  and  (4), 
respectively,  using  the  procedure  discussed  in  section  2.  Since  the  carrier  power  is  much  larger  than  the  signal  power 
and  m  is  much  less  than  one,  (33)  can  be  approximated  by: 

~  r^m^A*  +  VjA*  -1-  r,A/n + (40) 

Further,  is  the  modulation  index  producing  The  resulting  fundamental  limit  of  the  dynamic  range 

is  found  to  be: 


^Pfmd  =  10  log 


r,A! 


r,M>rXij+r,7j' 


(41) 


For  SFDR,  is  the  modulation  index  corresponding  to  the  IMD  power  equal  to  P^  .  Using  the  above  results 
and  (4),  the  spurious-free  dynamic  range  for  the  AM-WIRNA  system  is: 


SFDR  =  l0log 


8- 


r^At+r^A^Tj+r^T]\ 


(42) 


Fig.  5  shows  the  dynamic  range  versus  optical  power.  The  dynamic  range  curves  for  both  the  fundamental 
limit  and  the  SFDR  behave  very  similar  to  the  SNR  curves  in  Fig.  4:  for  small  P^  (less  than  0  dBm)  the  AM- 

WIRNA  coherent  system  perforins  better  than  the  direct  detection  system;  for  large  received  optical  power,  direct 
detection  performs  slightly  better.  There  is  a  5  to  20  dB  difTerence  between  the  fundamental  limit  and  the  SFDR. 


Dynamic  60 
Range, 
dB 

40 


LPF  bandwidth  si 
RIN  =  0 


Direct  detection 
dVsO,  B3^s2GHz 
AV  slOMHz,  B\^=3GHz 

Direct  detection 

Av  =  0,  B'%3^2GHz 

A  V  =  10  MHz,  B3%=  3  GHz 


0  TO  W 

Received  Optical  Power,  dBi 


Fig.  5.  The  dynamic  range  versus  the  received  optical  power  for  the  AM-WIRNA  receiver. 
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4.4  Impact  of  the  LPF  bandwidth  on  ttw.  xvxt^m  performance 

Fig.  6  shows  the  fundamental  limit  of  the  dynamic  range  and  the  spurious-free  dynamic  range  versus  the 
LPF  bandwidth  B2  for  both  direct  detection  and  coherent  AM  links.  The  BPF  bandwidth  Bj  was  selected  as  per 

(31).  Inspection  of  Hg.  6  shows  that  direct  detection  and  coherent  links  have  approximately  the  same  perfcvmance. 
This  is  expected  for  -  ImW.  For  large  B2  .  inversely  proportional  to  B2  while  the  SFDR  is 

jy  2/3 

inversely  proportional  to  Sp  coiresponding  to  calculated  values  of  155  dB-Hz  and  108  dfi-Hz  ,  respectively. 


Dynamic 

Range, 

dB 


10  MHz  100  MHz  IGHz  10  GHz 

LPF  Bandwidth 

Fig.  The  dynamic  range  venua  the  LPF  bandwidth  for  direct  detection  and  coherent  AM-WIRNA  links; 

Ps  -  1  mW,  Plo  -  and  RIN  -  0, 


4  J  Impact  of  laser  RIN  on  the  system  DerfomansJL 

The  impact  of  laser  relative  intensity  noise  (RIN)  is  easily  taken  into  account  by  making  the  following 
subsdtutioas  in  the  equadons  for  the  signal  and  LO  fields: 

<«) 

+  <*•> 

where  and  are  the  RINs  of  the  transmitter  and  LO  lasen,  respectively.  The  power  spectral 

density  (PSD)  of  the  laser  BIN  is  assumed  to  be  white  in  the  region  of  operation  and  is  given  by: 


KIN 

Tfnnf  =s  10  ,  for  0  <  f  <  oo  (45) 

where  RIN  is  in  dB/Hz.  For  the  direa  detection  system,  RIN  manifests  itself  as  an  additive  noise  in  the  receiver  and 
(9)  thus  becomes: 


AkT 


S.if)  =  r?  =  +  n*  +  R^PsVkin  =  2eRP,  +  —  + 


KIN 

10  , 


for  0  <  f  <  o*  (46) 
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The  expressions  for  the  SNR,  and  SFDR  for  the  direct  detection  receiver  still  hold  true,  but  with  r\  given 

by  (46). 


Due  to  the  presence  of  two  lasers  in  a  coherent  system  —  the  transmitter  and  LO  lasers  ••  the  degradation 
due  to  RIN  will  be  greater  than  that  for  a  direct  detection  system.  RIN  affects  a  coherent  system  in  two  ways:  fust, 
as  an  additive  noise  at  the  ouq)ut  of  the  photodetector 

.  .7,  m  w 

5^(/)  =  rj  =  2eRP,  +—  +  •  10  +  R^Plo  •  10  .  for  0  <  /  <  «  (47) 

r 

and  secondly,  as  an  additional  noise  term  at  the  receiver  ouq>ut  such  that  (33)  becomes: 

p^ = ryA* + (r^m' + r,)A; + (ry + + ry 

(48) 

r yiVt.ius^  4- 

Two  possible  photodetector  configurations  for  a  coherent  system  are:  the  single  photodiode  receiver  and  a  balanced 
receiver.  The  balanced  receiver  is  more  advantageous  in  that  it  eliminates  the  additive  laser  RIN  term  at  the  ouQwt  of 
the  photodetector  (given  in  (47)).  Fig.  7  illustrates  the  impact  of  laser  RIN  on  the  SFDR.  A  direct  detection  system 
clearly  outperforms  a  cohenmt  system.  If  good  semiccmductar  lasers  with  RINs  of  -160  dB/Hz  or  better  are  used, 
then  a  coherent  system  using  a  balanced  receiver  is  3  dB  wtxse  than  a  direct  detection  system.  For  a  coherent 
system,  using  a  balanced  receiver  improves  the  SFDR  by  1  to  3  dB. 


^  rOHT^F.NTfMLgflLS 

Because  the  phase  informadon  is  preserved  in  the  course  of  coherent  detection,  angle  modulation  can  be 
used.  Of  particular  interest  is  frequency  modulation  (FM).  FM  is  widely  used  in  commercial  radio  brt^asting,  and 
offers  substantial  potential  improvements  in  signal-to-noise  ratio  (SNR)  over  AM  systems.  In  this  section,  we 
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analyze  the  SNR  of  a  basic  coherent  FM  optical  link.  We  then  consider  a  modified  receiver  structure  which  can 
provide  substantial  suppression  of  phase  noise  effects. 

5.1  Basic  FM  System  Performance 

A  diagram  of  the  basic  system  is  shown  in  Fig.  8.  The  input  signal  directly  frequency  modulates  a  laser 
diode.  The  optical  output  of  the  laser  diode  propagates  through  a  fibW  to  a  directional  coupler,  where  it  is  combined 
with  the  light  from  the  LO  laser.  The  combined  optical  signal  is  then  detected.  After  detection,  the  signal 
encounters  a  limiter  and  a  FM  discriminator,  which  consists  of  a  differentiator  and  an  envelope  detector.  Finally,  the 
signal  is  low  pass  filtered. 


Receiver 


Fig.  8.  Coherent  FM  optical  link. 


The  output  optical  field  from  a  frequency  modulated  laser  diode  is  given  by 


-  ^(Oexp; 


0 


(49) 


where  xHt)  is  the  input  electrical  signal  (nonnalized  to  unity  amplitude),  is  the  angular  frequency  deviation,  is 
the  optical  carrier  frequency,  diu(t)  is  tte  phase  noise  on  the  signal  laser,  and  A^t)  is  the  field  amplinide.  V  ariations 
in  the  field  amplitude  are  caused  by  relative  intensity  noise  (RIN)  and  by  spurious  amplitude  modulation  of  the  laser 
output  power  by  the  applied  signaL 

The  field  emitted  by  the  LO  laser  is  given  by 

•LO  (0]  (50) 

where  (olo  u  the  optical  carrier  frequency,  dnLO(t)  “  o®  the  signal  laser,  and  AioiO  is  the  LO 

field  amplitude  with  variations  arising  from  RIN.  The  field  from  the  signal  laser  is  heterodyned  with  the  field  from 
the  LO  laser  on  the  detector,  resulting  in  a  detected  current  of 


4(0  =  4^,(0 +  +  '«i(0 


=  2RA^it)Au,it)cxpj 


+  n,(r)  +  D.C.  terms 


(51) 


where  R  is  the  detector  responsivity,  ALO(t)  is  the  amplitude  of  the  LO  laser  fkid  incident  on  the  detector  (variations 
due  to  RIN),  0)  is  the  IF  frequency,  and  dn(t)  -  dns(t)  -  d/iLCXO*  TTi®  additive  white  Gaussian  (AWG)  noise  ni(t) 
consists  of  contributions  from  both  shot  and  thermal  noise  (see  (20)).  The  IF  bandwidth  of  the  signal  is  given  by 
Carson's  rule  as  [17] 
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B,,=2(D  +  1)B  (52) 

where  Z)  is  the  deviation  ratio  given  by  D  -  fl)^(2fflfl),  and  S  is  the  signal  bandwidth. 

Because  variations  in  the  signal  amplitude  are  undesirable  in  a  FM  link,  a  limiter  is  used  in  the  receiver.  It 
is  assumed  that  this  eliminates  the  effects  of  spurious  amplitude  modulation  and  RIN,  allowing  the  amplitude  of  the 
signal  and  LO  to  be  replaced  by  their  average  values.  Assuming  that  the  directional  coupler  couples  half  of  the  light 
from  the  signal  and  the  LO  laser  to  the  detector,  the  average  power  levels  on  the  detecttx'  are  related  to  the  field 
amplitudes  by  /*,  -  and  Plq  -  A^LO/2. 


The  ftequency  discriminator  consists  of  a  differentiator  followed  by  an  envelope  detector.  The  current 
emerging  horn  the  differentiator  is  given  by 


4(0  ~  ^ V 


(53) 


where  T£)  is  the  time  constant  of  the  differentiator.  At  the  output  of  the  low  pass  filter,  the  power  of  the  AWG 
noise  is  [17] 


After  envelope  detection  and  lowpass  filtering,  the  phase  noise  (24)  contributes  a  noise  power 

The  baseband  signal  power  emerging  from  the  receiver  is  given  by 

From  (S4)-(56),  we  see  that  the  SNR  is  given  by 


SNR^ 


(2;cfl)*  +  Anp^P,P[jo^v 


In  the  absence  of  phase  noise,  this  expressioo  reduces  to 


(54) 


(55) 


(56) 


(57) 


sm = 3D*  ^  (58) 

riB 

This  expression  shows  the  expected  31)2  advantage  of  FM  over  a  coherent  AM  link  for  the  same  transmitted 
power. 


Fig.  9  shows  the  post-detection  SNR  of  an  FM  link  for  several  values  of  linewidth  for  a  frequency  deviadon 
of  10  GHz.  The  impact  of  phase  noise  is  seen  to  be  severe.  At  lower  signal  bandwidths  and  larger  linewidths,  the 
SNR  is  dominated  by  phase  noise.  For  large  bandwidths,  corresponding  to  small  frequency  deviation  ratios,  the 
AWG  noise  is  dominant  Fig.  10  shows  the  SNR  as  a  function  of  frequency  deviation.  As  seen  from  the  plots,  the 
SNR  increases  by  20  dB  per  decade  of  frequency  deviation. 
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LPF  Bandwidth,  MHz 


Fig.  9.  SNR  va.  LPF  bandwidth  for  the  FM  link  with  3  different  linewidtha. 
The  perfomunce  of  the  direct  detection  link  ia  ahown  for  compariaon. 


Frequency  deviation,  GHz 

Fig.  10.  SNR  va.  frequency  deviation  for  the  FM  link  with  3  different  linewidtha. 
The  performance  of  the  direct  detection  link  ia  shown  for  comparison. 
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Given  the  significant  imps^  of  phase  noise  on  FM  coherent  systems  and  the  large  linewidth  (1  - 100  MHz) 
of  current  OBR  and  DFB  lasers,  it  is  necessary  to  suppress  phase  noise  effects  before  a  FM  system  becomes  useful. 
A  receiver  structure  proposed  and  demonstrated  by  Gross  et  al  [18]  achieves  significant  {riiase  noise  cancellation 
(PNC).  The  structure  of  this  receiver  is  shown  in  Fig.  11.  After  detection,  the  (unmodulated)  IF  carrier  term  is 
filtered  out  ftom  the  signal  spectrum.  This  filtered  carrier  is  used  as  a  "reference"  and  mixed  with  the  signal 
spectrum.  Because  the  carrier  and  signal  terms  both  contain  the  same  phase  noise,  the  phase  noise  is  canceled  in  the 
coune  of  mixing. 


Optical 


Fig.  11.  Coherent  FM  receiver  with  the  phase  noise  cancellation  (PNQ  circuit 


The  cancellatioo  of  the  phase  noise  is  imperfect  since  the  phase  noise  spectrum  is  of  infiniie  extent  and  is 
convolved  with  the  si^al  and  carrier  spectra.  Whra  die  carrier  is  separated  from  the  signal  by  filtering,  some  of  the 
phase  noise  spectrum  is  truncated,  resulting  in  a  loss  of  informadon.  A  reference  filter  with  a  cutoff  frequency  lying 
half  way  between  die  carrier  frequency  and  the  lowest  sign^  frequency /min  tnincaiea  a  fraction  of  the  phase  noise- 
broadened  carrier  spectnun  a  whi^  is  given  by 


Minimum  ftcquency/linewidth 


Fig.  12.  SNR  vs.  lowest  signal  frequency  with  PNC. 
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If  we  assome  that  all  of  this  truncated  power  results  in  noise  which  is  captured  by  the  ouq)ut  lowpass  Alter,  then  the 
phase  noise  circuit  effectively  reduces  the  linewidtfa  by  a  factor  of 

Av^  =  a^Av 

The  impact  of  this  reduction  can  be  seen  in  Fig.  12,  where  the  performance  of  a  receiver  incorpcuating  PNC  is 
compart  to  that  of  a  receiver  with  no  PNC  and  the  ideal  case  of  zero  laser  linewklth.  For  the  case  shown,  the  PNC 
receiver  offen  a  SNR  improvement  of  20  dB  for/c/Av  -  20.  It  is  clear  that  a  PNC  receiver  cannot  handle  low 
frequency  signals  (relative  to  the  linewidth)  and  achieve  large  phase  noise  suppression  simultaneously. 


5  ?  nvnamic  Range  ofDirectN  Modulated  FM  Systems 

An  ideal  laser  for  directly  modulated  FM  links  would  exhibit  a  linear  change  in  optical  frequency  as  a 
function  of  applied  currenk  In  reality,  there  is  a  finite  range  over  which  the  optical  fr^uency  vs.  current  is  highly 
linear.  Nonlinearity  in  this  characteristic  results  in  intermo^adon  distortion,  and  in  this  sense,  frequency  deviation 
in  FM  links  is  analogous  to  index  in  AM  links.  Another  potential  source  of  nonlinearity  stems  from  a 

non-ideal  differentiaior  in  the  receiver. 

At  certain  currents,  laser  structures  suitable  for  direct  FM  (DBR  or  DFB  lasers)  exhibit  discontinuous 
"hope"  in  the  frequency  as  the  laser  shifts  from  one  longitudinal  mo^  to  another.  The  wavelength  tuning  range 
between  mode  hops  is  typically  on  the  order  of  0.1  nm.  These  hops  will  limit  the  useful  frequency  deviadoo  which 
can  be  obtained  a  laser.  Muld-secdon  DBR  and  DFB  lasers  have,  under  special  drive  oondidona,deniottstratad 
condnnous  tuning  ranges  of  5  nm  [19]. 

Even  if  it  was  possisle  to  obtain  a  frequency  deviadoo  of  more  than  10  GHz,  there  are  practical  limitadons 
due  to  the  required  IF  bandwidth.  Present  phoudeiecton  and  IF  electronics  would  be  hard-pressed  to  accommodate  an 
IF  bandwidth  in  excess  of  20  GHz.  Thus.fiequencydeviadoosof  more  than  10  GHz  may  be  of  limited  usefulness. 


Dynamic 

Range, 

dB 

70 


10  GHz 


10  MHz  100  MHz  IGHz 

LPF  Bandwidth 

Fig.  U.  Comparisoe  between  the  coherent  AM,  coherent  FM  and  direct  detection  lyitenis. 
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6.  COMPARISON  RFTWEEN  COHERENT  AM.  CQHFRFNT  FM 
AND  niRECT  DETECTION  LINK5S 

Fig.  13  shows  the  fundamental  limit  of  the  dynamic  range  for  coherent  AM,  coherent  FM  and  direct 
detection  links.  The  direct  detection  and  coherent  AM  links  perform  very  much  the  same.  For  moderate  values  of 
the  LPF  bandwidth,  FM  links  show  an  improvement  in  the  dynamic  range  by  10  to  IS  dB  with  respect  to  direct 
detection  links.  This  is  due  mainly  to  the  FM  improvement  factor  discussed  in  section  S.  However,  for  larger 
bandwidths,  more  additive  noise  is  collected  by  the  FM  system,  degrading  its  performance  as  compared  to  a  direct 
detection  system.  In  Fig.  13,  a  linewidth  of  1  MHz  was  used.  The  situation  may  change  for  larger  linewidths  since 
FM  systems  ate  sensitive  to  phase  noise. 


7.  CONCLUSIONS 

In  this  paptf,  we  analyzed  coherent  opdcal  analog  links.  These  links  have  important  advantages  such  as  the 
capability  of  handling  multiple  signals  through  a  single  fiber  and  frequency  translation.  Two  types  of  coherent 
receiven  (AM  and  FM)  were  investigated  and  the  impact  of  die  phase  noise  on  the  SNR  and  the  dynamic  range  of  the 
links  were  analyzed. 

The  fint  structure  studied  was  the  AM-WIRNA  heterodyne  system.  WIRNA,  which  stands  for  Wideband 
filter<Rectifier<NAnowbaod  filter,  tefen  to  the  sigi^  processing  at  the  receiver.  For  applicadona  where  the  received 
optical  power  is  small  (e.g.,  distribution  systems  like  CATV  and  long  distance  transrmuion  oi  analog  signals),  the 
AM-WIRNA  system  has  a  better  SNR  and  dynamic  range  than  the  direct  detectioa  systenL  For  medium  power 
applications,  like  antenna  remoting,  the  performance  of  this  coherent  system  is  very  Miwiler  to  that  of  the  direct 
detection  system.  The  AM-WIRNA  system  is  essentially  linewidth  insensitive  for  reasonable  semiconductor  laser 
powen  and  signal  bandwidths.  The  AM  coherent  system  is  susceptible  to  RIN,  but  with  a  balanced  receiver 
structure  a  3  dB  improvement  in  the  spurious-free  dyruunic  range  can  be  achieved  over  a  conventional  single 
photodiode  receiver. 

The  second  structure  investigated  was  a  FM  coherent  link.  Through  frequency  modulation,  substantial 
suppression  of  additive  white  Gaussian  noise  and  RIN  can  be  achieved.  However,  unless  special  measures  are  taken, 
phase  noise  has  a  substantial  adverse  impact  on  the  performance  of  FM  links.  Ihe  1  - 1(]0  MHz  linewidths  typical 
of  OBR  and  DFB  lasen  reduces  the  performance  to  below  that  of  AM  links,  negating  FM's  potential  performance 
advantage.  Through  the  use  of  a  phase  noise  cancellation  (FNQ  receiver  structure,  the  inqiact  of  phase  noise  can  be 
reduced  substantially.  For  a  1  GHz  bandwidth  signal  with  a  mininuim  frequency  of  20  times  the  linewidth,  the  SNR 
can  be  improved  by  20  dB  for  a  frequency  deviation  of  10  GHz. 

The  improvement  due  to  FM  is  due  to  using  large  frequency  deviation  ratio.  Maximum  useful  frequency 
deviations  on  the  order  of  10  GHz  may  be  achievable  witii  current  DBR  and  DFB  lasen.  Experimental 
measurements  must  be  performed  to  investigate  the  linearity  of  the  FM  characteristics  of  semiconductor  lasen. 
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lated,  causing  enhanced  noise  below  the  resonance  fre¬ 
quency  and  a  more  damped  resonance  peak.  We  have 
successfully  modeled  for  the  first  time  the  translation  of 
the  low  frequency  noise  of  a  semiconductor  laser  to  the 
signal  band  in  the  presence  of  modulation  and  dispersion. 
Experimental  results  verified  the  theoretical  predictions. 
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Coherent  Optical  Video  Transmission 
Systems  Using  Direct  Frequency 
Modulation  of  Semiconductor 
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zlAsfract— This  letter  presenu  a  noise  analysis  of  an  analog 
subcarrier-multiplexing  coherent  optical  sjttem  for  video  trans¬ 
mission  using  direct  frequency  modulation  of  semkondoctor 
lasers.  Receiver  sensitivity  using  the  FM  snbearrier  modulation 
format  is  analyzed  for  realistic  values  of  receiver  thermal  noise 
(3J1  X  10  A*  /  Hz),  laser  linewidth  (up  to  100  MHz),  RIN 
1-130  to  -170  dB/Hz),  and  optical  budwidth  (20  GHz). 
Linewidth-induced  performance  degradation  is  negligible  for  up 
to  50  channels,  and  RIN-induced  performance  degradation 
comes  dominant  as  RIN  Increases  above  -140  dB/Hz.  A 
sensitivity  floor  of  about  —40  dBm  (for  RIN  —  —160  dB  /  Hz) 
exists  for  small  numbers  of  channels  (up  to  50)  due  to  the  FM 
threshold  effect  at  the  IF  demodulator. 
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Introduction 

The  simultaneous  transmission  of  many  video  chan¬ 
nels  through  subcarrier  multiplexing  (SCM)  on  a  sin¬ 
gle  optical  carrier  is  feasible  using  the  high  available 
bandv^dths  of  distributed-feedback  (DFB)  lasers  and  p-i-n 
photodiodes.  The  use  of  subcarrier  multiplexing  in  coher¬ 
ent  optical  systems  for  analog  and  digital  video  distribu¬ 
tion  has  been  explored  experimentally  [l]-[3];  using  phase 
modulation  of  the  optical  carrier,  receiver  sensitivities  of 
-32  and  -27  dBm  have  been  achieved  for  60  FM  video 
channels  and  20  frequency-shift-keyed  (FSK)  video  chan¬ 
nels,  respectively  [3],  Direct  frequency  modulation  of  the 
optical  carrier  is  also  an  attractive  modulation  format  due 
to  the  avoidance  of  external  modulation  and  to  the  high 
output  signal-to-noise  ratio  (SNR)  attainable  through  FM 
enhancement  [4],  This  letter  reports  the  results  of  a 
theoretical  analysis  of  SCM  coherent  systems  using  direct 
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frequency  modulation  of  the  optical  carrier  and  FM  video 
subcarriers. 

System  Description 

Fig.  1  shows  a  block  diagram  of  the  system  analyzed. 
FM  video  signals  on  microwave  subcarriers  are  combined, 
generating  a  signal  which  is  used  for  direct  frequency 
modulation  of  a  laser.  The  transmitted  optical  signal 
travels  over  single-mode  fiber  to  a  coherent  receiver, 
where  it  is  combined  with  an  optical  local  oscillator  signal 
using  a  directional  coupler.  The  resulting  signal  is  hetero¬ 
dyne-detected  by  a  p-i-n  photodiode,  amplified,  and  de¬ 
modulated.  After  the  first  FM  demodulator,  the  SCM 
channels  are  separated  using  a  bandpass  filter  array, 
downconverted  to  a  common  frequency,  and  amplified.  A 
set  of  FM  demodulators  and  lowpass  filters  recovers  the 
baseband  video  signals.  Each  FM  demodulator  consists  of 
an  ideal  limiter  followed  by  an  ideal  phase-shift  discrimi¬ 
nator. 

Analysis 

The  goal  of  this  analysis  is  to  evaluate  the  limitations 
imposed  by  system  noises  on  the  optical  receiver  sensitiv¬ 
ity,  defined  as  the  received  optical  power  (/*,)  required  to 
achieve  a  56  dB  peak-to-peak  SNR  at  the  output  video 
ports.  Tables  I  and  II  contain  definitions  of  variables  and 
numerical  values  of  parameters  used  in  this  analysis. 

The  normalized  SCM  signal  git)  used  to  frequency 
modulate  the  optical  carrier  is  given  by 

5(0=  E  0kCOsl2rr/i,t  +  27r/jfcli(t')dt'  +  <pA 

(0 

Modulation  indices  { are  chosen  such  that  |g(/)|  :S  1. 
For  simplicity,  { are  set  equal  to  a  common  value 
0  =  \  /  /N,  which  is  approximately  equal  to  the  optimum 
modulation  index  for  an  SCM  signal  using  intensity  modu¬ 
lation  of  the  transmitter  [5].  This  is  a  good  estimate  for  N 
independent  and  uniform  channels  and  becomes  increas¬ 
ingly  accurate  for  large  N. 

The  signal  and  LO  fields  are  mixed  by  the  photodiode, 
giving  a  detected  photocurrent 

/{O  =  rIp,  4- 

cos  |27r/,p/  +  2irf^j‘g{t')  dt'  -t-  0p(O  j  j-  (2) 

The  dc  currents  RP,  and  RPi^o  contribute  to  the 
photodetector  shot  noise  and  to  the  total  relative-intensity 
noise  (,RIN).  The  third  term  in  (2)  is  the  useful  signal.  The 
phase  noise  process  (b^it)  is  assumed  to  have  a  power 
spectral  density  [6] 

5*(/)  =  ^  (/>«)•  (3) 


Fiber 


Fig.  I.  Block  diagram  of  a  coherent  SCM  system  using  direct  laser 
frequency  modulation  to  transmit  FM  video  channels.  The  .V  branches 
after  the  downconverters  are  Identical. 


table  I 

Definitions  of  Varl  es 

p. 

Optical  signal  power 

f, 

Optical  signal  ft-equency 

A 

Single-sided  maximum  optical  frequency  deviation 

N 

Number  of  channels 

Modulation  index  for  channel  k 

fk 

Subcarrier  frequency  for  channel  k 

A 

Single-sided  maximum  subcarrier  frequency  deviation 

d^it) 

video  signal  for  channel  k  (baseband) 

Phase  of  channel  k  (subcarrier) 

Plo 

Optical  local  oscillator  power 

/if  “/j  ~  fio 

Receiver  intermediate  frequency 

Combined  phase  noise  of  received  signal  and  optical 
local  oscillator 

®IF 

IF  bandwidth  =  optical  bandwidth 

RIN 

Relative-intensity  noise  (in  dB/Hz) 

A 

Highest  ft-equency  in  SCM  signal 

o-A/A 

Optical  frequency  deviation  ratio 

Sum  of  linewidths  of  optical  transmitter  and  LO 

TABLE  II 

Parameter  Dehnitions  and  Values 

R  -  0.7  A/W 

Photodiode  responsivity 

1.6X  10*”  C 

Charge  of  electron 

k  -  1.381  X  10'”  J/'K 

Boltzmaim's  constant 

r-  3(XrK 

Room  temperature 

Ri_-50n 

Amplifier  load  resistance 

IvJ)  -  4  X  10'^aVHz 

Amplifier  voltage  noise 

Br  -  50  MHz 

SCM  channel  bandwidth 

A/A  -  2.68 

Subcarrier  frequency  deviation  ratio 

1  mW 

Optical  LO  power 

60  MHz 

Subcarrier  separation 

100  MHz 

Lowest  subcarrier  ftequency 

20  GHz 

Optical  bandwidth 

The  transmitter  dynamic  linewidth,  which  becomes  smaller 
with  increasing  drive  current  and  with  increasing  transmit¬ 
ter  instantaneous  frequency,  is  assumed  to  correspond  to 
the  lowest  drive  current  for  the  worst  case  analysis. 

After  amplification,  the  signal  and  noise  enter  the  radio 
frequency  (RF)  demodulator.  The  carrier-to-noise  ratio 
(CNR)  at  the  input  of  the  intermediate  frequency  (IF) 
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demodulator  is  given  by 


dards  for  FM  video  transmission  systems  [9],  an  SNR  ^  of 


CNR  = 


2R^P,P, 


B„  +  R‘{(Ps  +  />„)'  -  P,Plo)W  B„ 


where  the  first  combined  term  in  the  denominator,  here¬ 
after  denoted  by  crj',  is  the  white  noise  power  (consisting 
of  shot,  thermal,  and  amplifier  noise  powers).  The  second 
term  in  the  denominator  is  the  RIN  power,  denoted  in  the 
remainder  of  this  letter  by  0-^,^^.  B,p,  which  is  linearly 
dependent  on  the  total  number  of  channels,  is  given  by 
Carson’s  rule: 


42.9  dB  is  required  for  a  destination  SNR  of  56  dB.  The 
threshold  noise  due  to  the  subcarrier  FM  demodulator  is 
negligible  because  its  input  CNR  must  be  on  the  order  of 
20  dB  to  achieve  an  output  SNR  of  56  dB. 

The  optical  bandwidth  required  to  maintain  the  desired 
frequency  deviation  ratio  must  increase  with  increasing 
modulation  index  to  avoid  distortion.  The  impact  of  ciip- 


12(0  +  l)/„,  D  >  lOand  0<  2 

°  i2(D  +  2)/*,  2  <  £)<  10 


ping  distortion  is  difficult  to  quantify  and  is  the  subject  of 
(5)  a  separate  study  currently  in  progress. 


D  is  the  optical  frequency  deviation  ratio.  Note  that  the 
modulation  index  does  not  affect  the  CNR  in  (4). 

We  evaluated  the  SNR  at  the  output  of  the  IF  demodu¬ 
lator  by  performing  an  analysis  similar  to  that  in  [4,  pp. 
428-443].  The  fundamental  impact  of  the  FM  demodula¬ 
tion  on  the  noise  sources  is  1)  the  conversion  of  additive 
white  noise  at  the  input  to  parabolic  noise  with  a  zero  at 
dc  at  the  output  and  2)  the  conversion  of  the  frequency 
noise  at  the  input  to  white  noise  at  the  output.  The  noise 
enhancement  which  occurs  as  FM  demodulator  operation 
breaks  down  for  CNR  below  the  FM  threshold  (approxi¬ 
mately  10  dB)  is  quantified  using  the  threshold  model  of 
Rice  [7]. 

Channel  N,  the  channel  with  the  highest  subcarrier 
frequency,  has  the  lowest  CNR  at  the  input  to  the  subcar¬ 
rier  FM  demodulator  due  to  the  parabolic  noise  spectrum, 
which  has  frequency  dependence.  Hence,  system  out¬ 
put  SNR  is  limited  by  that  for  channel  N.  The  impact  of 
the  noise  on  channel  N  is  approximated  by  white  noise 
with  density  equal  to  that  of  the  parabolic  noise  at  the 
highest  frequency  of  the  SCM  signal.  The  SNR  at  the 
output  of  the  FM  demodulator  for  channel  N  is 


where  a/  =  (Av/n)Bj-  is  the  phase  noise  power  at  the 
input  to  the  FM  demodulator  for  channel  N  [8].  The 
threshold  noise  power  at  the  demodulator  input  is 


Results 

Figs.  2  and  3  show  samples  of  our  results  for  the  system 
parameters  given  in  Table  II.  In  both  figures,  the  optical 
receiver  sensitivity  is  plotted  versus  the  number  of  chan¬ 
nels;  constant  optical  bandwidth  is  assumed.  The  values  of 
sensitivity  have  been  obtained  using  an  iterative  numeri¬ 
cal  technique  to  solve  (6)  for  P,.  Inspection  of  Fig.  2 
reveals  that  increasing  linewidth  places  a  limitation  on  the 
number  of  SCM  channels  which  one  can  transmit  with  a 
reasonable  sensitivity.  However,  receiver  sensitivity  is  only 
weakly  dependent  on  linewidth  for  lower  channel  counts, 
since  the  maximum  optical  frequency  deviation  increases 
linearly  as  the  number  of  channels  decreases  (the  phase 
noise  power  term  in  (6)  remains  constant).  The  I’mitation 
on  receiver  sensitivity  due  to  system  noises  is  approxi¬ 
mately  -40  dBm  for  up  to  50  channels,  even  with  ICX) 
MHz  linewidth.  This  is  comparable  to  the  fundamental 
limit  on  sensitivity  for  the  assumed  optical  bandwidth 
(-45  dBm)  and  the  fundamental  limit  for  50-channel 
coherent  transmission  of  analog  FM  SCM  video  channels 
using  intensity  modulation  of  the  transmitter  ( -35  dBm) 
[5].  There  is  also  a  potential  floor  in  attainable  receiver 
sensitivity  for  low  channel  counts  due  to  the  threshold 
effect  of  the  ii'  demodulator,  even  though  the  available 
optical  bandwidth  remains  at  20  GHz.  The  threshold 
noise  power  in  (7)  will  increase  exponentially  with  de¬ 
creasing  CNR. 

Inspection  of  Fig.  3  shows  that  performance  is  degraded 
for  high  values  of  transmitter  and  local  oscillator  RIN.  As 
RIN  increases  beyond  -150  dB/Hz,  local  oscillator  rela¬ 
tive-intensity  noise  becomes  increasingly  dominant.  For 
example,  a  sensitivity  loss  of  nearly  10  dB  for  low  channel 
counts  occurs  as  RIN  increases  from  -140  to  -130 
dB/Hz.  RIN  degradation  can  be  softened  using  a  bal¬ 
anced  receiver  [10]. 


+  4^r  ^1/2  exp  ( -  CNR)  flr .  (7)  Discussion 

The  foregoing  analysis  focuses  exclusively  on  the  impact 
Carson’s  rule  for  2  <  D  <  10  is  used  to  find  Bj-  in  our  of  system  noises.  Other  effects  also  have  a  significant 
numerical  calculations.  Assuming  an  emphasis  improve-  impact  on  the  performance  of  FM  video  systems.  These 
ment  factor  of  13.1  dB  as  per  international  (CCIR)  stan-  effects  include  clipping  distortion,  degradation  due  to 
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Sensitivity  vs.  Number  of  Channels 
for  Varying  Linewidth  Values 


Fig.  2.  Receiver  sensitivity  (for  output  SNR  -  56  dB)  versus  the  num¬ 
ber  of  transmitted  channels  for  several  values  of  linewidth;  RIN  =  -160 
dB/Hz.  The  linewidths  shown  (Ai/)  correspond  to  the  sura  of  the 
transmitter  and  LO  laser  linewidths.  Numerical  values  of  system  param¬ 
eters  are  shown  in  Table  II. 


Sensitivity  vs.  Number  of  Channels 
tor  Varying  RIN  Values 


Fig,  3,  Receiver  sensitivity  (for  output  SNR  -  56  dB)  versus  the  num¬ 
ber  of  transmitted  channels  for  several  values  of  RIN.  The  sum  of  the 
linewid'.ns  of  the  transmitter  and  LO  lasers  is  40  MHz.  Numerical  values 
cf  system  parameters  are  shown  in  Table  II. 

nonlinearities  resulting  from  non-ideal  frequency  discrim¬ 
ination  and  from  imperfect  limiting,  and  residual  AM 
resulting  from  direct  modulation  of  the  transmitter.  Fur¬ 
ther  work  must  be  done  to  investigate  the  impact  of  these 
factors  on  system  channel  capacity. 

Summary 

Noise  analysis  oi  analog  coherent  systems  for  transmis¬ 
sion  of  subcarrier-multiplexed  FM  video  predicts  that 


such  systems  will  have  good  receiver  sensitivity.  For  exam¬ 
ple,  receiver  sensitivity  should  be  about  -30  dBm  for 
80-channel  systems  with  lasers  having  100  MHz  linewidth. 
For  up  to  50  channels,  receiver  sensitivity  is  essentially 
independent  of  laser  linewidth  up  to  100  MHz.  This  effect 
results  from  phase  noise  suppression  in  a  receiver  employ¬ 
ing  double  FM  demodulation  and  is  similar  to  that  in 
digital  ASK  and  FSK  systems  [11].  Relative-intensity  noise 
effects  are  more  severe  than  linewidth  effects,  particularly 
for  low  channel  counts,  where  the  local  oscillator  RIN  is 
dominant.  For  example,  a  degradation  in  the  sensitivity 
floor  of  about  15  dB  occurs  as  RIN  increases  from  -150 
to  -130  dB/Hz.  A  balanced  receiver  may  be  used  to 
reduce  RIN-induced  degradation.  Other  system  imperfec¬ 
tions  such  as  imperfect  FM  demodulation,  clipping,  and 
residual  AM  resulting  from  direct  modulation  must  be 
analyzed  to  complete  the  evaluation  of  the  potential  of 
such  systems. 
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Abstract 

Multiple  space-division  switches  based  on  semiconductor  optical  amplifiers  (SOAs)  can  be 
cascaded  to  obtain  larger  switching  fabrics.  We  present  a  general  analysis  of  optical 
switching  fabrics  using  SOAs,  considering  noise  and  saturation  effects  associated  with 
amplified  spontaneous  emission.  We  find  that  the  SOA  saturation  output  power  limits  the 
number  of  switches  which  can  be  cascaded.  For  example,  a  saturation  output  power  of 
100  mW  limits  the  size  of  switching  fabrics  to  100  64x64  switches  or  200  8x8  switches  if 
distributed  gain  matrix-vector  multiplier  (MVM)  switches  or  Benes  switches  are  employed. 
The  corresponding  limit  for  lumped  gain  MVM  fabrics  is  10  64x64  or  100  8x8.  The  Benes 
switch  may  be  more  suitable  for  large  switch  sizes  (N  >  16)  because  it  requires  fewer 
SOAs. 
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1.  Introduction 


All-optical  space-division  switches  can  be  constructed  using  optical  splitters,  combiners, 
and  semiconductor  optical  amplifiers  (SOAs)  [1]  which  provide  gain  and  binary  on/off 
switching  in  1  -  10  ns.  Multiple  switches  can  be  interconnected  to  form  larger  switching 
fabrics. 

Switches  built  from  SOAs  have  been  examined  by  a  number  of  authors  [1,  2],  and  at  least 
one  paper  has  considered  the  size  limitations  of  a  specific  SOA-based  switch  [3].  The 
objective  of  this  paper  is  to  evaluate  the  limitadons  on  the  size  of  switch  fabrics  constructed 
using  SOA-based  switches.  The  results  we  derive  are  based  on  signal-to-noise  ratio  and 
saturation  constraints.  In  Section  2,  we  analyze  the  behavior  of  systems  based  on  SOAs. 
In  Section  3,  we  evaluate  the  size  limitations  of  three  specific  switch  implementations. 
Discussion  and  conclusions  are  presented  in  Sections  4  and  5,  respectively. 

2.  SOA  and  Switch  Behavior 

2.1  The  Evolution  of  Spontaneous  Emission 

The  output  optical  power  from  a  SOA,  Pom  is  related  to  the  input  power,  Pm  by 

where  G  is  the  internal  SOA  gain,  and  Lu,  and  Loyt  are  the  input  and  output  coupling  losses 
to  the  SOA,  respectively,  v,.  is  the  center  frequency  of  the  amplifier  bandpass,  and  Av  is 
the  effective  amplifier  optical  bandwidth,  rtjp  is  the  excess  spontaneous  emission  factor  [4] 
and  p  is  a  factor  which  ranges  from  1  for  a  device  which  amplifies  only  one  polarization  to 
2  for  a  polarization-insensitive  device. 

Consider  a  cascade  of  M  identical  stages,  each  stage  consisting  of  a  system  loss,  and  a 
SOA  with  its  associated  coupling  losses.  Using  Eq.  (1),  we  find  that  the  power  output 
from  the  stage.  Pm,  is  given  by 

/>,=G,,/’.  +  C,v„Av.Av^  (2) 


2 


where  Avi-^is  the  effective  overall  gain  bandwidth  due  to  the  cascade  of  SOAs,  and is 
the  effective  polarization-dependent  factor  which  ranges  from  1  to  2  in  a  manner  similar  to 
p.  The  net  signal  gain  through  the  system,  is  given  by 

~  (3) 


By  analogy  to  the  signal  gain,  we  can  define  a  spontaneous  emission  gain,  Gsp, 


l-G 


1-0, 


l/M 

«* 


(4) 


The  second  equality  in  Eq.  (4)  holds  for  large  M. 


7  2  Saturation  and  Shnal'to-Noise  Ratio  Constraints. 

Due  to  the  high  spontaneous  emission  level  emerging  from  a  cascade  of  SOA-based  stages, 
the  post-detection  noise  in  a  receiver  placed  at  the  output  of  the  last  SOA  is  typically 
dominated  by  signal-spontaneous  and  spontaneous-spontaneous  beat  noise.  This  leads  to  a 
post-detection  signal-to-noise  ratio  (SNR),  y,  of  approximately  [5] 

_ {oM 

where  Bg  is  the  electrical  noise  bandwidth  of  the  receiver  and  Bo  {Bo  ^  Av*^)  is  the 
bandwidth  of  an  optical  filter  placed  in  front  of  the  receiver.  To  achieve  a  10-*»  bit  error 

ratio  (BER),  we  require  y>  144. 


SOAs  exhibit  nonlinear  distortitm  characterized  by  a  saturation  ouqjut  power,  Pjot,  at  which 
the  gain  has  dropped  to  lie  of  its  unsaturated  value  [6].  Saturation  leads  to  a  number  of 
undesirable  effects:  a  decrease  in  gain,  intersymbol  interference  (ISI)  and,  m  frequency- 
division  multiplexed  systems,  crosstalk.  We  consider  the  simple  saturation  constraint 
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Eq,  6  indicates  that  the  total  power  emerging  from  the  endface  of  the  last  SOA  in  a  cascaded 
amplifier  system  (i.e.  before  its  output  coupling  loss)  must  be  less  than  Pioi. 

2  J  Specific  Switch  Architectures 

In  this  paper,  we  examine  switches  based  on  two  versions  of  the  matrix-vector  multiplier 
(MVM)  crossbar  switch  [7,  8]  (Fig.  1)  and  the  Benes  switch  [1)  (Fig.  2).  The  structure  of 
the  three  switches  allows  the  direct  application  of  the  analysis  of  Section  2. 1 .  For  each  of 
the  switches,  Table  1  gives  the  number  of  stages  traversed  by  a  signal,  M,,  the  system  loss 
per  stage,  L,,  and  the  number  of  SOAs  required  to  implement  a  switch  with  N 
inputs/outputs. 

The  MVM  switches  allow  completely  general  nonblocking  intercoimections  between  the 
inputs  and  outputs  [7].  The  distributed  gain  MVM  (DGMVM)  switch  differs  from  the 
lumped  gain  MVM  (LGMVM)  switch  in  that  it  incorporates  additional  SOAs  after  each  1x2 
splitter  and  2x1  combiner.  The  Benes  switch  provides  a  rearrangeably  nonblocking 
interconnection  [1].  From  Table  I,  note  that  the  number  of  SOAs  in  the  MVM  switches 
grows  as  vs.  only  N  log2V  for  the  Benes  switch. 

Multiple  switches  can  be  interconnected  to  form  larger  switching  fabrics.  For  practical 
reasons,  these  larger  switch  fabrics  will  be  dilute  and  thus  highly  blocking.  A  signal 
traveling  though  a  switch  fabric  containing  Me  cascaded  switches  encounters  a  total  of  M, 
stages  where 


M,  =  M,M, 


(7) 


3.  System  Size  Limitations 

We  consider  system  size  limitations  based  on  two  phenomena:  required  signal-to-noise 
ratio  (SNR)  at  the  system  ou^ut,  and  saturation  of  the  SOAs.  F(»  a  given  value  of  the 
signal  gain  Gsig,  we  can  solve  Eqs.  (5)  and  (6)  simultaneously  to  find  the  maximum 
allowable  spontaneous  gain,  Gsp  max*  the  optimum  input  signal  level.  Using  G^ig  and 
Gspmaxt  and  solving  Eq,  (4)  for  the  maximum  permissible  total  number  of  stages,  A/ma*. 
we  find 
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M_„=G. 


L  rJllSa- 

vAA. 


(8) 


Utilizing  the  relationships  between  and  iV  for  the  three  switch  types  (Table  1)  and 

using  Eqs.  (7)  and  (8),  we  can  find  the  maximum  number  of  switches  of  a  given  size 
which  can  be  cascaded.  Fig.  3  shows  the  maximum  number  of  8x8  switches  which  can  be 
cascaded  for  the  three  switch  types  as  a  function  of  Psat-  Similarly,  Fig.  4  shows  the 
maximum  number  of  64x64  switches  which  can  be  cascaded. 

4.  Discussion 


From  Figs.  3  and  4,  the  number  of  switches  which  can  be  cascaded  can  be  seen  to  be 
proportional  to  the  saturation  output  power  of  the  SOAs.  Current  SOAs  exhibit  saturation 
power  levels  in  the  range  of  1  -  100  mW  (the  latter  being  achieved  in  quantum  well 
devices). 

Because  their  system  loss  per  stage  is  small,  DGMVM  and  Benes  switches  typically  utilize 
low  gain  SOAs  which  have  relatively  small  on/off  extinction  ratios,  leading  to  crosstalk.  At 
the  expense  of  increasing  njp,  the  off-state  absorption  of  a  SOA  can  be  made  arbitrarily 
large  by  increasing  its  length.  Figs.  3  and  4  assume  a  rtjp  of  5,  which  corresponds  to  an 
extinction  ratio  of  50  dB  for  a  device  with  an  internal  gain  of  10.  This  high  absorption 
prevents  crosstalk  from  impacting  system  perftxmance.  Because  they  typically  utilize  high 
gain  SOAs,  LGMVM  switches  tend  not  to  exhibit  crosstalk  problems. 

Due  to  the  large  numbers  of  required  SOAs,  achieving  practical  switches  requires 
integration  of  SOAs  and  optical  waveguides.  Electrical  pin-out  constraints  of  packages 
suggest  that  monolithic  integration  of  drive  electronics  with  the  optical  devices  may  also  be 
necessary  to  achieve  N  >  8.  As  noted  in  Table  1,  for  large  switch  sizes  (N>16)  the  Benes 
switch  requires  considerably  fewer  SOAs  than  the  MVM  structures  and  may  thus  be  the 
preferred  architecture  for  large  switches. 

5.  Conclusions 


The  size  of  optical  switching  fabrics  based  on  SOAs  are  ultimately  limited  by  signal-to- 
noise  ratio  (SNR)  and  saturation  considerations,  both  of  which  are  associated  with 
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spontaneous  emission  from  the  SOAs.  The  number  of  switches  which  can  be  cascaded  is 
proportional  to  the  saturation  output  power  of  the  SOAs. 

Three  specific  SD  switch  architectures  were  considered.  Based  on  consideration  of 
saniration  and  signal-to-noise  ratio,  it  was  found  that,  for  the  distributed  gain  matrix-vector 
multiplier  (DGMVM)  switch  and  the  Benes  switch,  cascades  of  100  64x64  switches  or 
nearly  200  8x8  switches  can  be  achieved  for  SOAs  with  saturation  output  powers  of  100 
mW.  For  lumped  gain  matrix- vector  multiplier  (LGMVM),  approximately  10  64x64 
switches  or  100  8x8  switches  can  be  cascaded  for  SOAs  with  saturation  output  powers  of 
100  mW.  For  large  switch  sizes,  the  DGMVM  and  Benes  switches,  both  of  which 
distribute  gain  throughout  the  switch,  are  notably  better  than  the  LGMVM  switch,  which 
lumps  gain  in  two  "planes."  The  Benes  switch  may  be  more  suitable  for  large  switch  sizes 
(JV  >  16)  because  it  requires  fewer  SOAs. 
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Figure  Captions 


Table  1.  Number  of  stages  (A/),  system  loss  per  stage  (L,),  and  number  of  SOAs,  for 
LGMVM,  DGMVM,  and  Benes  switches  of  size  N. 


Figure  1.  MVM  crossbar  switches:  (a)  lumped'gain;  (b)  distributed  gain.  As  an 
example,  4x4  switches  are  shown. 

Figure  2.  Benes  switch.  As  an  example,  a  4x4  switch  is  shown. 

Figure  3.  Maximum  number  of  cascaded  8x8  switches  vs.  P sat  for  the  three  switch 
types. 

Figure  4.  Maximum  number  of  cascaded  64x64  switches  vs.  P sat  for  the  three  switch 
types. 
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Table  1 


LGMVM  DGMVM  Benes 


Number  of  stages  (A/f) 

2 

■BBS 

System  Loss  per  Stage  (L,) 

l/N 

0.5 

0.5 

Number  of  SOAs 

3N(NA) 

2N(21og2N-  1) 
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Three-Wave  Envelope  Solitons:  Can  the  Speed 
of  Light  in  the  Fiber  be  Controlled? 

Y.  N.  Taranenko  and  L.  G.  Kazovsky 


TiMory  prctiktt  tliat  tferw-wavd  cavelop*  soiifOM 
(TWES)  caa  b«  icacrittd  ia  dul-mixlt  optical  abcn  by  iajcet- 
ing  two  copropagadog  lightwaTta  or  a  Ughtwara  aad  a  flexural 
acoastk  ware.  The  mcchaaliai  of  the  three-ware  intcractioa  b 
the  receatly  obeerred  iatcmiodal  sdaialatod  forward  BriBoala 
scatteriag.  sc  vctoclty  of  the  TWES  caa  be  coatroUed  by 
chaoglag  um  poap  power.  Usiag  200  uW  paaip  power  for  a 
typical  daal-uode  fiber,  the  areraga  speed  of  the  light  patae  ia 
ibe  fiber  caa  be  oude  as  low  as  3  x  10^  ai/s. 


I.  Introduction 

A  recent  growth  of  interest  in  dual-mode  (DM)  optical 
fibers  for  a  variety  of  nonlinear  switching  and  modula¬ 
tion  schemes  [l]-[3]  stems  from  the  long  uaenc^'m  lengths 
and  from  the  two  nondegenente  copropagating  optical  modes 
(at  tl>e  same  optical  frequency)  offered  by  these  fiben. 

This  letter  presents  theoretical  results  suggesting  that  the 
speed  of  light  in  optical  fiben  can  be  controlled  by  using  a 
nonlinear  resonant  interaction  between  two  copropagating 
lightwaves  and  an  acoustic  wave  in  a  DM  optical  fiber.  The 
second-order  nonlinearity  involved  in  this  process  is  the 
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intermodal  forward  stimulated  Bnliouin  scattering  (FSBS)  in 
DM  optical  fiben.  FSBS  has  been  observed  recently  for  the 
first  time  [4],  In  our  quantitative  examples  we  use  the  fiber 
and  wave  parameten  from  that  experiment. 

n.  Physics  of  Three-Wave  Envelope  Soutons 

In  an  optical  fiber,  two  waves  having  frequencies  (4,  2  and 
wavevectonk,  2  can  paiamethca’^  generate  the  third  wave 
with  frequency  Q  and  wavevector  K  deteimined  by 

0  =  w,  -  W2,  K  ^  -  k-i-  (1) 

In  a  single-xBode  optical  fiber,  this  kind  of  process  is  possible 
only  for  lightwaves  propagating  in  opposite  directions.  In  a 
tiua/-mode  fiber,  the  LPoi  ^  modes  and  a  flexural 
acoustic  wave  satisfy  the  phase  matching  conditions  (1), 
making  possible  the  three-wave  interaction  of  copropagating 
li^nwavea  [6].  For  stimulated  Brillouin  scattering  (SBS), 
only  one  lightwave  (which  is  called  the  pump)  is  injected  into 
the  fiber  and  the  other  two  waves  are  amplified  from  sponu- 
neous  levels. 

In  this  letter  we  consider  the  case  when  two  of  the  three 
waves  are  injected  into  the  fiber  as  shown  in  Fig.  1.  They  can 
be  two  lightwaves  with  slightly  different  frequencies  w,  >  0)2 
or  a  light  wave  and  an  acoustic  wave.  A  beating  signal 
generates,  via  electiostriction  (or  the  strain-optical  effect),  a 
flexural  acoustic  wave  (or  the  second  lightwave).  Afrer  this 
wave  is  amplified,  a  coupled  nonlinear  field  distribution 
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(b) 


Fig  1  (a)  The  block-diagram  of  the  proposed  experiment  with  injection  of 

two  light  waves,  (b)  The  block-diagram  of  the  proposed  experiment  with 
injection  of  a  light  wave  and  an  acoustic  wave. 

appears  in  the  fiber.  In  general,  this  nonlinear  complex  can 
propagate  with  widely  varying  speeds  having  acoustic  and 
lightwave  velocities  as  two  extremes  for  the  cases  when  the 
power  of  the  acoustic  or  lightwaves  is  dominant. 

The  detailed  evolution  of  the  waves  in  the  fiber  depends  on 
the  amplitude  and  phase  modulation  of  the  injected  waves. 
This  process  is  described  by  a  time-dependent  set  of  nonlin¬ 
ear  equations: 

Id  3  ] 

=  (2) 

where  x,  t  are  space  and  time  variables.  V,  is  the  group 
velocity  of  the  light  waves,  is  the  group  velocity  of  the 
acoustic  wave.  lit.  x)  are  real  slowly  varying  amplitudes 
of  the  light  waves.  U(t,  x)  is  a  real  slowly  varying  ampli¬ 
tude  of  the  flexural  wave,  and  T  is  an  acoustic  wave  phe¬ 
nomenological  absorption  [6].  The  relative  phase  of  the 
waves  0  =  1/2,  -  ~  ^3  assumed  to  be  equal  to  v/2  or 

3  IT  2  throughout  the  interaction.  The  coupling  coefficients  a, 
and  a,  are  given  in  (6).  We  neglect  the  absorption  of  light 
waves  since  we  use  a  short  fiber  ( ^  1  km). 

III.  Generation  of  Three-Wave  Envelope  Soutons 

Let  us  show  that  equations  (2)  have  soliton  solutions.  To 
simplify  the  derivation,  we  neglect  the  absorption  (T  =  0). 
We  are  searching  for  the  solitary  impulse  propagating  with  a 
consunt  velocity  V  [7]: 

=  Aq  cosh' '  /Ij  =  /4o  tanh  ♦,  U  =  cosh"'  ♦, 


where  1  determines  the  spatial  width  of  the  solution,  6',  is 
the  maximum  amplitude  of  the  acoustic  wave,  Ar,  is  the 
maximum  amplitude  of  the  light  waves,  and  Xg  specifies  an 
initial  position  of  the  soliton.  Solution  (3)  represents  pulses  of 
the  lightwave  with  the  higher  frequency  ca,  and  the  acoustic 
wave.  The  second  lightwave  has  a  constant  amplitude  Ar^ 
almost  everywhere,  except  for  the  vicinity  of  the  center  of 
the  soliton  (♦  =  0),  where  it  has  a  local  dip;  thus,  the 
relative  phase  ili  has  a  ir-jump  at  the  center  of  the  soliton. 
More  general  TWES  solutions  have  been  discussed  in  refer¬ 
ences  18]-[10),  [12],  We  call  the  wave  with  the  lower 
frequency  ui^  <  u,  a  pump  wave  since  it  has  constant  ampli¬ 
tude  Aq  at  the  entrance  to  the  fiber  (assuming  x/^>  1 
when  ♦  =  0)  and  supplies  energy  into  the  fiber.  This  is 
different  from  SBS  processes  where  the  pump  wave  has 
higher  frequency  [5],  [6], 

Substimtion  of  solitary-like  solution  (3)  into  the  set  of 
equations  (2)  gives  unique  values  of  A  and  6  a  A  /  1^  as 
functions  of  the  amplitudes  .^g,  t/g; 


y>-  K 


t/oa,(l  -h /?)  ’ 


S  =  -  (4) 

V  U^cx,{V,R  ^  V,) 


where  R  =  a^Al/aiUo  is  the  normalized  ratio  of  the 
power  densities  of  acoustic  and  light  waves.  The  soliton 
velocity  V  is  uniquely  expressed  as  a  function  of  the  ampli- 
mdes 


I  -I-  R 


(5) 


However,  since  Af/tg,  U^)  behaves  nonmonotonously  as  a 
function  of  /dg  and  f/g,  the  plot  of  V  versus  5  has  two 
branches  (see  Fig.  3).  The  two  branches  correspond  to  light 
( K,  2  K  2  2  K,)  or  acoustic  (2  2  V  >  vj  dominated 

power: 


y,+  K±  V(v,-  k;) 

2  X  + 


where  r^i,  =  1/ /tgcit/a,  is  a  nonlinear  time  scale. 

The  TWES  can  be  generated  by  injection  of  all  three 
waves  modulated  at  the  entrance  to  the  fiber  (  jc  =  0)  in 
accordance  to  expressions  (3).  This  type  of  boundary  condi¬ 
tions  for  the  generation  is  the  exact  reproduction  of 

the  soliton  fields  at  the  entrance  as  it  would'  propagate  from 
the  left-hand  part  of  the  fiber  ( x  <  0).  However,  for  a  case 
when  acoustic  (V  ~  VJ)  or  light  ( K  ►  V^)  power  is  domi- 
nam,  it  is  sufficient  to  inject  only  two  of  tlw  three  waves  into 
the  fiber  to  generate  the  TWES  [9]. 

For  example,  soliton  generation  by  two  laser  beams  [10]  is 
possible  for  the  case  of  light  dominated  power  (V >  if 
we  switch  on  the  pump  wave  with  the  lower  frequency 
and  then  modulate  this  signal  by  a  “dark”  pulse  with  the  t 
phase  shift  in  the  middle.  Simultaneously  tlw  “bright”  light 
pulse  with  the  higher  frequency  u,  >  uj  ^  launched 
into  the  fiber.  These  modulations  are  described  by  expres¬ 
sions  (3)  for  -4,  jfx  =«  0,  /);  the  ratio  5  to  Tnl  has  to  give 
y  >  for  a  “  +  ”  sign  in  (6)  [lO],  The  corresponding 


i'Jh 


Fig.  2.  Amplitudes  and  phases  of  the  two  waves  injected  into  the  fiber. 


TABLE  I 

Numerical  Valles  of  Parameters 


Parameter 

.Notation 

Value 

Units 

Acoustic  Velocity 

>^1 

5  76  X  10‘ 

m/s 

Light  Power 

“'i 

200 

mW 

Acoustic  Power 

W'a 

-  XQ-'^WJR 

mW 

Laser  Wave  Length 

\ 

514.3 

nm 

Overlap  Integrals 

Q 

0.13 

Dimensionless 

Refractive  Index 

n 

1.5 

Dimensionless 

Refractive  Index 

In 

0.003 

Dimensionless 

Difference 

Fiber  Density 

0 

2.3 

g/cm’ 

Fiber  Cladding 

a 

62.5 

Jim 

Radius 

Acoustic  Wave 

Q/2» 

16.6 

MHz 

Frequency 

Acoustic  Wave 

1/r 

3.5 

ms 

Absorption 

Young's  .Modulus 

E 

73 

GPa 

amplitude  and  phase  modulation  of  the  input  signab  is  shown 
in  Fig.  2.  This  mechanism  of  soliton  generation  has  been 
used  for  soliton  experiments  in  stimulated  Raman  scattering 
in  a  para-Z/j  medium  [11].  Another  way  to  generate  the 
TWES  (the  case  of  acoustic  dominated  power  V  a  V^)  is  to 
launch  acoustic  envelope  U(x,  t)  deKribed  by  (3)  with 
1^  ~  and  3  VJaU^  and  then  inject  the  constant  laser 
pump  wave  =  /t,,  in  the  fiber  [9].  So,  the  two  solutions 
with  the  different  signs  in  expression  (6)  approximately  cor¬ 
respond  to  the  two  mechanisms  of  soliton  generation. 

IV.  Numerical  Example 

Consider  parameters  given  in  Table  I— they  are  close  to 
the  parameters  of  the  experiment  [4]  and  are  discussed  in  [6). 
Fig.  3  shows  the  resulting  soliton  velocity  V  and  width  6A 
versus  the  time  duration  h.  Inspection  of  Fig.  3  reveals  that 
for  200  mW  light  wave  power  and  pulse  time  duration  of 
several  to  several  ms,  the  average  speed  of  the  light  pulse 
in  the  fiber  can  be  as  low  as  3  x  10*  m/s.  This  value  is 
limited  by  the  lifetime  of  the  TWES  which  is  approximately 
equal  to  the  attenuation  time  of  the  acoustic  wave  (3.3  ms). 

V.  Summary 

The  results  of  this  letter  suggest  that  three-wave  envelope 
solitons  (TWES)  can  be  generated  by  injecting  two  copropa- 
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Duration  of  injected  light  pulses,  sec 

Fig.  }.  The  TWES  velocity  V  (thick  lines)  and  width  6A  ithin  lines) 
versus  the  temporal  duration  of  the  injected  light  signals.  Curves  1  and  5 
correspond  to  the  soliton  with  light  dominated  power  (the  fast  solution)  tor 
200  mW  of  the  pump  and  curves  2  and  6  for  50  mW  of  the  pump.  Curves  3 
and  7  correspond  to  the  soliton  with  acoustically  dominated  power  (the  slow 
solution)  for  2(X>  mW  of  the  pump  and  curves  4  and  3  for  SO  mW  of  the 
pump. 

gating  light  waves  or  one  lightwave  and  one  acoustic  wave 
into  a  dual  mode  optical  fiber.  This  allows  one  to  control  the 
speed  of  light  pulses  in  the  fiber  by  adjusting  the  power  of 
light  wave.  The  mechanism  of  interaction  is  the  recently 
observed  intermodal  stimulated  forward  Brillouin  scattering. 
For  200  mW  light  wave  power  and  pulse  time  duration  of 
several  \a  to  several  ms,  the  average  speed  of  the  light  pulse 
in  the  fiber  can  be  as  low  as  3  x  10*  m/s.  This  value  is 
limited  by  the  lifetime  of  the  TWES  which  is  approximately 
equal  to  the  attenuation  time  of  the  acoustic  wave  (3.S  ms). 
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Analysis  of  Soliton  Transmission  in  Optical 
Fibers  with  the  Soliton  Self-Frequency 
Shift  Being  Compensated  by 
Distributed  Frequency 
Dependent  Gain 

Ming  Ding  and  Kazuro  Kikuchi 


/I  Airracf— Distributed  optical  fiber  ampUilen  witb  frequency 
dependent  gain  can  be  used  to  compensate  the  soliton  seif- 
frequency  shift  (SSFS)  which  is  the  major  problem  on  subpi¬ 
cosecond  soliton  pulse  transmission  in  fibers.  In  this  ietter,  the 
characteristics  of  soliton  evolution  w(th  SSFS  bcinf  compen¬ 
sated  by  linearly  frequency  dependent  gain  are  aaaiyacd.  An 
expression  for  esdmatittg  the  effective  distance  of  the  compensa¬ 
tion  method,  which  la  limited  by  the  amplified  dispentve  waves 
at  higher  frequencies,  are  also  obtained.  As  an  example,  we 
show  that  dispersion-shifted  distributed  Er^'*‘'doped  fibm  can 
provide  almost  dlstordon-frce  SSFS  compensation  for  pulses  of 
about  800  fs  over  several  tens  of  kiioaueten. 


I.  Introduction 

IN  soliton-based  optical  fiber  communication  systems,  sub¬ 
picosecond  pulses  are  required  for  bit-rates  higher  than 
several  hundred  gigabit/second.  However,  for  subpicosecond 
pulses,  subie  soliton  propagation  in  fibers  becomes  impossi¬ 
ble  because  of  the  soliton  self-frequency  shift  (SSFS)  caused 
by  the  intrapulse  stimulated  Raman  scattering  (ISRS)  [1]  even 
though  we  neglect  the  effect  of  fiber  loss.  By  using  bandwidth 
limited  parabolic  gain  spectrum  in  distributed  optical  fiber 
amplifiers.  Blow  et  al.  showed  that  the  SSFS  can  te  compen¬ 
sated  by  frequency  dependent  gain  [2].  On  the  other  hand, 
the  recent  development  of  Er^'^-doped  fibers  has  made  it 
possible  to  provide  such  frequency  dependent  gain  in  dis¬ 
tributed  optical  amplifiers  [3],  [4].  The  purpose  of  this  paper 
is  to  investigate  how  the  frequency  dependent  gain  in  Er^*^- 
doped  fibers  is  effective  for  the  SSFS  compensation. 
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We  show  that  the  effective  component  of  gain  spectrum  for 
SSFS  compensation  is  the  linearly  frequency  dependent  gain 
(which  will  be  abbreviated  to  LFDG,  in  the  following,  for 
simplicity).  Aiutlytic  solutions  for  soliton  transmission 
through  hben  with  SSFS  being  compensated  by  LFDG  is 
derived  for  the  first  time  in  this  letter.  We  find  that  the 
effective  distance  of  the  compensation  method  is  limited  by 
the  amplified  dispersive  waves  at  higher  frequencies,  and  an 
expression  for  this  distance  is  derived.  Numerical  examples 
show  that  low  loss  dispersion-shifted  (DS)  distributed  Er^*- 
doped  fibers  can  provide  almost  distonion-free  SSFS  com¬ 
pensation  for  pulses  of  about  800  fs  over  several  tens  of 
kilometers. 


n.  Analytic  Solutions 


For  pulse  widths  larger  than  several  picoseconds,  the 
nonlinear  optical  pulse  propagation  in  fibers  at  wavelengths 
of  negative  group  velocity  Aspersion  (GVD)  can  be  de¬ 
scribed  by  the  nonlinear  Schrddinger  equation  (NLS): 


du  I  d^u 


+ 


I  «|  =  0 


(I) 


where  C  =  |  A'  |  z/tl,  r  ^  {t  -  k'  z)/ and  u  is  the  nor¬ 
malized  complex  pulse  envelope.  Symbols  k'  and  k’  respec¬ 
tively  denote  the  group  delay  and  GVD  at  the  central  fre¬ 
quency  0*0  of  input  pulw,  and  Jq  represents  the  pulse  width. 
The  general  single  soliton  solution  of  (1)  is  characterized  by 
four  independent  constants  {*;,  0^,  <^o}  ^ 


«(6.  r)  »  ijsech[n(r  -I-  -  ^q)] 

•  exp 
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When  pulse  widths  become  to  few  picoseconds  or  shorter. 
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WDM  Local  Area  Networks 

Wavelength-division  multiplexing  puts  multiple  channels  on  a  single 
optical  fiber  and  allows  dynamic  channel  allocation. 
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rhe  advent  of  new  services,  such  as  mul¬ 
timedia  communications,  high-volume  file 
transfer,  high-definition  image  trans¬ 
mission,  and  video/audio  retrieval,  has  cre¬ 
ated  a  need  for  high-speed  data  networics. 
Future  networks  are  expected  to  support,  in  an 
integrated  fashion,  services  with  highly  diverse 
-traffic  requirements.  Due  to  the  high  data  rates 
involved,  such  networks  will  use  optical  fiber  as 
the  transmission  medium. 

It  has  been  recognized  that  current  network  topolo¬ 
gies,  employing  single  shared  channels  to  provide 
connectivity  between  the  nodes,  ate  inadequate 
CO  provide  these  new  services,  thus  creating  the  need 
for  multichannel  networks.  One  way  to  realize 
multiple  channels  on  the  optical  fiber  is  through 
the  use  ofwavelengtb-division  multiplexing  (WDM). 
With  WDM,  there  is  an  addition^  flexibility — by 
using  tunable  transceivers,  one  can  dynamically  allo¬ 
cate  chaiuiels,  as  required  by  the  traffic. 

This  paper  focuses  on  WDM  local  area  net¬ 
works  (LANs).  Following  a  discussion  of  services 
and  possible  network  topologies,  we  investigate 
Che  technological  issues  related  to  the  implemen¬ 
tation  of  such  topologies  and  describe  some 
experimental  implementations  reported  in  the 
literature. 

Broadband  Services 

/n  addition  to  existing  services  (remote  logins, 
file  transfer,  voice),  high-speed  LANs  will  be 
required  to  support  broadband  services.  Broadband 
interactive  services  have  been  classified  by  CGTT 
Recommendation  1.121  [1]  into  the  following 
categories: 

•  Conversational  services:  real-time  end-to-end 
information  transfer  (e.g.,  videotelephony, 
high-definition  image  transfer,  high-speed  dau 
transfer) 

*  Managing  services:  communication  via  store- 
and-forward  (e.g^  multimedia  mail) 

*  Retrieval  services:  retrieval  of  infbmHon 
stored  in  databases  (e.g.,  video  on  demand,  or 
high-fidelity  audio) 


To  provide  the  services  described  above,  a  net¬ 
work  will  have  to  handle  both  stream  traffic  ( i.e., 
uncompressed  video  and  audio)  and  bursty  traffic 
(i.e.,  variable  bit  rate  video,  bursty  data,  etc.)  at  a 
range  of  data  rates  which  spans  several  orders  of 
magnitude.  Some  data  rates  required  to  provide 
broadband  services  are  shown  in  Fig.  1. 

Network  Topologies 

Current  Topologies 

Commercially  available  LANs  usually  are  organized 
as  buses  or  rings,  with  data  rates  ranging  from  10 
Mb/s  (Ethernet)  to  100  Mb/s(Fiber  Distnbuted  Data 
Interface  [FDDI]).  New  standards,  like  the  IEEE 
802.6  metropolitan  area  network,  will  push  data  rates 
up  to  150  Mb/s  and  above.  A  problem  with  these 
architectures  is  that  connectivity  between  the 
nodes  is  provided  by  a  small  number  (one,  or  two 
in  the  case  of  IEEE 802.6)  of  shared  chaimels.  There¬ 
fore,  the  electronics  in  each  node  must  operate  at 
the  network  aggregate  speed.  On  the  average,  the 
maximum  capacity  available  to  each  node  is  C.  .V. 
where  C  is  the  channel  capacity  and  .V  is  the 
number  of  nodes.  In  practice,  this  number  is  even 
lower  due  to  the  overheads  associated  with  the  medi¬ 
um  access  protocol  These  topologies  are  inadequate 
to  provide  the  broadband  services  described 
above.  Multiple<hannel  topologies  are  needed,  and 
due  to  the  data  rates  involved  optical  transpon  mech¬ 
anisms  are  an  excellent  choice. 

Future  Networks 

Due  to  high  data  ratr  .equirements.  single  chan¬ 
nel  networks  (like  buses  or  rings)  will  not  be  able 
to  provide  the  expected  level  of  service  because  each 
node  would  have  to  operate  at  the  network’s 
aggregate  speed.  This  is  neither  possible  (due  to 
the  speeds  required)  nor  desirable  (due  to  the 
resulting  lowefficwncy).  The  network,  therefore,  will 
have  to  provide  multiple  concurrent  channels.  One 
way  to  accomplish  this  in  an  optical  network  is  by  allo- 
catingadifEerentwasdengthfmeach  channel  (WDM). 

One  advantage  of  using  WDM  is  that,  with  the 
use  of  tunable  transmitters  and/or  receivers  on 
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the  nodes,  the  logical  network  topology  becomes 
independent  of  the  physical  network  topology,  as 
long  as  all  nodes  have  access  to  all  wavelengths.  This 
allows  greater  network  flexibility  as  channels  can 
be  dynamically  allocated  according  to  the  traffic 
requirements.  This  process  is  illustrated  in  Fig.  2, 
where  a  four-node  network  is  shown.  The  nodes 
are  connected  to  a  star  coupler,  as  indicated  in 
fig.  2a.  The  star  coupler  combines  the  light  from 
all  transmitters  and  makes  it  available  to  the  receivers. 
By  properly  assigning  wavelengths  to  receivers, 
different  logical  topologies  can  be  created,  as 
indicated  in  Figs.  2b  and  2c. 

In  general,  a  node  may  have  multiple  transmit¬ 
ters  and  receivers.  The  number  of  transmitters 
and  receivers  present  at  each  node,  however,  is 
typically  much  less  than  the  number  of  nodes  on 
the  network.  Therefore,  connectivity  can  be  provided 
in  two  ways:  1)  by  having  a  multihop  network,  i.e., 
if  node  A  does  not  have  a  direct  channel  to  node 
B,  data  from  A  to  B  will  be  sent  via  a  numbcrof  inter¬ 
mediate  nodes;  2)  by  coordinating  in  time  the  use 
of  each  wavelength;  communication  is  always  sin¬ 
gle-hop,  at  the  expense  of  added  delay.  There  are 
several  methods  to  assign  source-destination 
pairs  to  specific  wavelengths;  these  methods 
range  from  classical  multiple-access  algorithms  to 
fixed-assignment  TDM  [3-9].  A  discussion  of 
these  methods  is  beyond  the  scope  of  this  paper. 

Technological  Issues 


Receivers 


Optical  transmitters  can  modulate  coherent  light 
in  amplitude  (ASK),  phase  (PSK),  or  frequency 
(FSK).  Optical  receivers  can  be  divided  into  two  cat¬ 
egories:  direct  detection  and  coherent  (as  shown 
in  Fig.  3). 

_ Inditeadetection  receivers  (Fig.  3a),  the  received 

light  signal  is  applied  directly  to  the  photodiode. 
Since  photodiodes  essentially  are  broadband  devices 
and  respond  only  to  the  signal  power,  direct 
detection  receivers  can  be  used  to  demodulate 
ASK  and.  with  filtering,  wide-deviation  FSK. 

A  coherent  receiver  ( Fig.  3b)  employs  a  local  oscil- 
lator  (LO)  laser  tuned  to  an  optical  frequency 
near  that  of  the  transmitted  signal.  Use  of  an  LO  fre¬ 
quency  equal  to  that  of  the  signal  frequency  is  known 
as  homodyne  detection;  use  of  an  LO  frequency 
which  differs  from  the  signal  frequency  is  referred 
to  as  heterodyne  detection. 

The  received  signal  and  the  local  laser  fields 
are  added  with  a  fiber  combiner  and  coupled  to  a 
photodiode.  Because  the  output  current  from  a  pho¬ 
todiode  is  proportional  to  the  square  of  the  inci¬ 
dent  electric  field,  the  photodiode  acts  a  mixer 
and  produces  an  intermediate-frequency  (IF) 
current  at  the  difference  frequency  of  the  signal 
and  the  LO.  Demodulation  of  the  IF  current 
recovers  the  transmitted  datbf 

A  problem  that  must  be  faced  with  coherent 
receivers  is  polarization  control.  The  state  of 
polarization  (SOP)  of  the  received  signal  must  be 
aligned  with  the  SOP  of  the  light  from  the  local  oscil- 
iator  laser  to  create  the  desired  interaction 
between  the  two  signals. 

Realization  of  the  full  potential  of  a  WDM 
network  requires  electronically  tunable  transmitters 
and/or  receivers.  Tunable  transmitters  can  be 
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■  Figure  1 .  Data  rates  required  for  broadhand  ser\  ices.  Sote  Umitattons  of 
existing  network  standards  such  as  Ethernet  and  FDD! 


■  Figiir*  3.  Receiver  structures. 
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■  Table  I.  Tumable  laser  characteristics 


made  using  tunable  lasers.  A  direct-detection 
tunable  receiver  can  be  realized  by  placing  a  tunable 
optical  filter  before  the  conventional  direct- 
detection  receiver  shown  in  Fig.  3a  Tunable 
coherent  receivers  can  be  realized  by  using  tun¬ 
able  lasers  as  local  oscillators,  because  only  the 
specific  received  wavelength  matching  that  of  the 
local  oscillator  will  be  demodulated. 

In  the  following  section,  we  discuss  tunable  lasers 
and  tunable  filters  needed  to  build  tunable  trans¬ 
mitters  and  receivers.  We  also  discuss  the  issues 
of  polarization  control  in  coherent  receivers  and  fre¬ 
quency  stabilization  of  WDM  networks. 

Tunable  Lasers 

Lasers  can  be  tuned  by  providing  a  wavelength- 
tunable  element  inside  the  laser  cavity.  Generally 
speaking,  there  are  two  kinds  of  tunable  lasers:  exter- 
nal  cavity  and  integrated  lasers.  The  tuning 
method  generally  represents  a  tradeoff  between  tun- 
~ing-speed,  linewidth;  and  tuning  range.  More¬ 
over,  depending  on  the  method,  the  tuning  can 
be  either  continuousor  discrete  overacertsin  range. 

External  cavity  tuning  methods  [10,11)  provide 
very  low  linewidth  (due  to  the  long  cavity)  and 
large  tuning  ranges,  at  low  to  moderate  speeds.  Tun¬ 
ing  is  frequently  disaete  (i.e.,  the  device  can  gen¬ 
erate  only  a  discrete  set  of  wavelengths  inside  the 
tuning  range).  Two  classes  of  tuning  methods 
have  been  demonstrated;  acousto-optical  and 
electro-optical.  These  configurations  demand 
precise  alignment  between  the  laser  and  the 
external  cavity  and  are  difficult  to  implement 

Integrated  tunable  lasers  [12-16]  can  poten¬ 
tially  be  tuned  at  very  high  speeds  (nanoseconds 
for  some  devices;  although  practical  tuning  speeds 
for  those  devices  are  still  being  investigated)  at 
the  expense  of  tuning  range  and  linewidth.  Some 
devices  also  are  capable  of  continuous  tuning 
over  a  range  of  frequencies. 

There  are  two  basic  kinds  of  integrated  tun¬ 
able  lasers:  distributed  feedback  (DTO)  and  dis¬ 
tributed  Bragg  reflector  (DBR).  A  new  kind  of 


three-section  laser  has  been  recently  reported, 
with  discrete  tuning  over  57  nm,  utilizing  an  inte¬ 
grated  vertical  coupler  filter  (VCF)  [41).  Usually, 
there  is  a  tradeoff  between  linewidth  and  tuning 
speed. 

Table  I  presents  a  summary  of  the  tunable  laser 
charaaeristics.  The  table  indicates  that  the  main  prob- 
lem  with  tunable  lasers  is  their  limited  range, 
which  limits  the  number  of  channels  they  can  resolve. 

Tunable  Filters 

Wavelength  filteringcan  be  achieved  by  the  following 
mechanisms  [17):  wavelength  dependence  of 
interferometric  phenomena  (Fabry-Perot  and  Mach- 
Zehnder  filters):  wavelength  dependence  of  cou¬ 
pling  between  modes,  caused  by  external 
perturbations  (electro-optic  and  acousto-optic  fil¬ 
ters);  and  resonant  amplification  in  active  semi¬ 
conductor  devices. 

As  shown  by  Table  II  [17],  current  tunable  fil¬ 
ter  technology  severely  limits  either  the  tuning  speed 
or  the  tuning  range  that  can  be  achieved  by  direct- 
detection  ninable  receivers. 

Polarization  Control 

Coherent  receivers  require  that  the  polarization 
of  the  local  oscillator  matches  the  polanzation  of  the 
incident  light.  Otherwise,  the  useful  signal  gener¬ 
ated  at  the  photodiode  can  be  attenuated  or  even 
fade  completely.  As  light  propagates  through 
conventional  single-mode  optical  fiber,  its  polar¬ 
ization  is  transformed  to  an  arbitrary  state  by 
small  perturbations  in  the  fiber.  Several  approach¬ 
es  to  match  the  signal  and  local  oscillator  polar¬ 
izations  follow. 

Polarizotion-ntoinlaining  Fiber  and  connectors 
[  1 8]  -  By  appropriately  shaping  or  stressing  the  fiber 
core,  it  is  possible  to  produce  special  fibers  that 
do  not  change  the  polarization  of  the  transmitted 
light,  provided  that  the  state  of  polarization  of 
the  light  launched  on  the  fiber  is  aligned  with  one 
of  the  fiber's  main  axes. 
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Polarizotion-diversify  receivers  [19]-  Bet'ors  (or 
alter)  mixing  the  light  from  the  local  oscillator 
with  the  incoming  light,  polarization-diversity 
receivers  divide  the  light  into  two  orthogonal 
polarizations  and  detect  them  separately.  After  pho¬ 
todetection  and  demodulation,  the  resulting  sig¬ 
nals  are  combined.  The  combined  signal  is  independent 
of  the  state  of  the  received  light’s  polarization. 

j  Polarization  switching  [20]  -  During  each  bit,  the 
polarization  of  the  transmitted  light  is  switched 
between  horizontal  and  vertical  (i.e..  half  of  the  time 
it  remains  in  the  vertical  polarization,  and  the 
other  half  in  horizontal).  With  this  scheme,  the  receiv¬ 
er  is  simpler  than  a  polarization-diversity  receiv¬ 
er,  but  a  3  dB  penalty  on  the  receiver  sensitivity  is 
introduced. 

PolarizaHon  tracking  [2 1  ]  -  In  the  same  way  as  a  PLL 
tracks  the  frequency  of  its  input  signal,  it  is  possi¬ 
ble  to  have  the  local  oscillator  track  the  polariza¬ 
tion  of  the  incoming  light,  at  a  cost  of  greatly  inaeased 
receiver  complexity. 

Frequency  Stabilization 
Absolute  and  relative  optical  frequency  stabilization 
may  be  required  in  multichannel  optical  systems  with 
tight  channel  spacing.  Absolute  frequency  stabi¬ 
lization  techniques  involve  frequency  locking  to  a 
stable  atomic  or  molecular  absorption  phe¬ 
nomenon.  Absolute  frequency  references  have  been 
achieved  in  both  the  1300  nm  and  1500  nm  win¬ 
dows  [22,  23).  Relative  frequency  stabilization 
techniques  include  locking  to  the  sidebands  of  an 
FM  modulated  master  laser  [24],  and  optical 
phase  locking  to  the  sidebands  of  a  RF  phase 
modulated  master  laser  [25]. 

WDM  Network  Experiments 

_ .X  he  lasLfive  years  have  witnessed  a  steady  tran- 

1  sition  of  WDM  experiments  from  proof  of 
concepts  to  experimental  networks,  with  field  tri¬ 
als  planned  in  the  near  future.  Several  notable  exper¬ 
iments  illustrate  the  progression  of  this  technology: 
demonstrations  of  single  channel  transmission 
with  multi-gigabit  data  rates  [26,  27],  broadcast  of 
100  direct  detection  channels  [28],  16-channel  coher¬ 
ent  broadcast  experiment  [29],  computer-controlled 
tuning  of  an  eight-channel  coherent  experiment  [30], 
and  demonstration  of  a  fully  engineered  coherent 
broadcast  experiment  [31],  The  following  two 
sections  are  devoted  to  descriptions  of  recent  exper¬ 
imental  demonstrationsof  WDMopticalmetropoli- 
tan  and  local  area  networks,  both  direa  detection 
and  coherent. 

Direct  Detection  WDM  Optical  Networks  Several 
experiments  are  cunently  invesrigaiing direct  detec¬ 
tion  WDM  networks.  These  experimental  netwoiks 
use  direct  detection  optical  receivers  and  tunable 
optical  filters  for  channel  selection.  Direa  detection 
technology  was  chosen  for  its  reduced  cost  and  com- 
plexity.  Description  of  two  of  these  experiments 
follow. 

TeraNat 

TeraNet  [32]  is  an  experimental  network  being  devel¬ 
oped  to  study  all  seven  layers  of  the  OSI  stan¬ 
dard.  The  network  provides  either  I  Gb/s  ATM 
packet-switched  or  1  Gb/s  circuit-switched  access 


using  a  passive  star  lopolo^v ,  is  Suov, n  ;n  F. z.  - 
.A  hybrid  multiple  access  scheme  combines  wave¬ 
length-division-multiplexing  and  subcarrier  fre¬ 
quency  division  multiplexing  to  divide  the  available 
optical  bandwidth.  This  method  of  multiple 
access  reduces  the  bandwidth  requirements  on 
the  optical  filters,  but  still  allows  the  use  of  additional 
channels  through  electronic  means. 

The  transmitters  utilize  DFB  lasers.  Each  user 
is  assigned  a  unique  address  consisting  of  a  spe¬ 
cific  wavelength  and  a  subcarrier  multiplexed  fre¬ 
quency.  Wavelength  channels  are  spaced  by  1.5 
nm,  or  187  times  the  bit  rate.  Each  wavelength 
supports  four  to  six  subcarrier  channels.  The  sub- 
carrier  modulation  format  can  be  either  BPSK  or 
QPSK,  while  the  subcarrier’s  amplitude  modu¬ 
lates  the  optical  signal. 

The  receivers  use  fiber-optic  Fabry-Perot 
(FFP)  tunable  filters  to  select  wavelengths.  Sub¬ 
carriers  are  selected  by  electronic  filtering. 

A  packet-switched  network,  conforming  to  the 
ATM  standard  [33],  is  being  implemented  through 
a  multihop  architecture.  The  network  can  be  con¬ 
figured  to  support  up  to  64  users.  Interfaces  also 
are  being  developed  for  SONET  and  HIPPI.  A 
limited  campus  field  trial  is  planned  for  1992. 

RAINBOW  Network 

The  RAINBOW  network  [34]  is  a  metropolitan  area 
network  designed  to  cover  a  diameter  of  55  km.  This 
network  connects  32  IBM  PS/2s  through  a  32  x  32 
passive  star  coupler  and  allows  the  computers  to  com¬ 
municate  circuit-switched  data  at  a  rate  of  200 
Mb/s/node.  The  physical  topology  is  the  WDM 
star  shown  in  Figure  2a.  Each  computer  is  equipped 
with  its  own  fixed  frequency  optical  transmitter 
and  tunable  optical  receiver  mounted  on  plug-in 
computer  cards. 


■  Figur*  4.  TeraNet  packet  and  circta  switching  lightwave  network 
(adapted  from  ref.  [32]). 
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UAU=Us€r  access  unit 

NIU/AGJs  Network  interface  unit 
and  access  control  unit 


=Single  fiber  connection 
-  =Muitiple  fiber  connection 


I  Figure  5.  UCOL  system  block  diagram  (adapted  from  ref.  [35 j) 

The  optical  transmitters  utilize  directly  modu¬ 
lated  distributed  feedback  (DFB)  laser  diodes. 
The  optical  channel  spacing  is  roughly  1.6  nm,  or 
1040  bit  rates.  This  channel  spacing  is  wide 
enough  so  that  temperature  control  is  adequate 
for  frequency  stabilization.  The  modulation  for¬ 
mat  is  on/off  keying  (OOK). 

- W  avelength  selection  is  accomplished  with  a  tun¬ 
able  fiber  Fabry-Perot  filter.  The  interferometer 
cavity  spacing  is  varied  piezoelectrically  to 
achieve  a  tuning  speed  of  2  ms  over  the  tuning  range 
of  50  nm. 

The  signaling  protocol  for  coordinating  the  retun¬ 
ing  of  the  optical  receivers  is  a  simple  in-band  polling 
procedure.  This  method  is  simpler  than  a  faster 
out-of-band  protocol,  which  would  require  a  sep¬ 
arate  signaling  channel. 

Experimental  results  reveal  that  a  power  bud¬ 
get  of  8.5  dB  with  a  3  dB  margin  is  typically 
achieved.  This  budget  would  ailnpt  a  network 
diameter  of  28  km. 

Coherent  WDM  Computer  Networks  The  direct- 
detection  experiments  described  above  demonstrate 
the  potential  of  WDMcomputer  networks  and  show 
that  increasing  network  performance  will  require 
improved  power  budgets,  tighter  channel  spacing, 
increased  tuning  speeds,  or  new  network  archi¬ 
tectures.  Coherent  technology  is  one  option  for 
increasing  the  power  budget  anddecreasing  the  chan¬ 
nel  spacing,  ^low  we  describe  one  WDM  coher¬ 
ent  experiment,  and  in  the  next  section  we  will  discuss 
STARNET,  a  coherent  WDM  network  being  imple¬ 
mented  at  Stanford  University. 


■  Figuro  6.  STAJWET offers  both  a  moderate- 
speed  packet  swixk  network  and  a  high-jpewd 
broadband  eirtut  interconnect  on  a  physical 
passive  star  topology 


UCOL  -  L’COL  IS  being  developed  as  an  ait.'a- 
wideband  coherent  optical  local  area  net¬ 
work  [35],  This  network  has  network  interface 
units/access  control  units  (NlU/ACUs)  that 
communicate  on  20  wavelength  division  multi¬ 
plexed  optical  channels  over  a  passive  star  topol¬ 
ogy,  as  indicated  in  Fig.  5.  The  usercan  access  each 
channel  through  a  time  division  multiplexing  access 
mode  (UCOL  .ATM  SWITCH).  This  technique 
supports  data  rates  from  a  fraction  of  a  Mb^s  up 
to  155  Mb/s.  The  frequency  reference  for  ail  trans¬ 
mitters  and  receivers  is  provided  over  a  sepa¬ 
rate  star  coupler  by  a  reference  generator  block 
( RGB).  The  reference  frequencies  are  generat¬ 
ed  by  modelocking  an  external  cavity  semicon¬ 
ductor  laser.  Channel  spacing  is  3.6  GHz.  or  about 
23  bit  rates. 

The  transmitters  are  external  cavity  lasers,  tun¬ 
able  over  1  nm  in  the  1.5  nm  wavelength  window. 
DPSK  modulation  is  accomplished  with  an  exter¬ 
nal  LiNbOj  modulator. 

The  receivers  are  polarization-diversity,  delay¬ 
line  DPSK  demodulators.  The  transmit  power  is 
set  foroperation  with  a  BER  of  ICH .  Error-correcting 
codes  are  then  used  to  decrease  the  BER  to  a 
value  less  than  Id'll 

STARNET 

rhe  foregoing  network  experiments  have  shown 
the  feasibility  of  relatively  dense  WDM  networks. 
These  experiments,  however,  have  not  addressed 
the  need  to  support  all  the  heterogeneous  data 
traffic  types  as  outlined  in  this  paper’s  introduc¬ 
tion.  STARNET  (36]  is  a  new  coherent  broad¬ 
band  optical  local  area  network  (BOLAN) 
architecture.  The  STARNET  architecture  offers  all 
users  both  a  high-speed  packet-switched  network 
and  a  multi-gigabit  broadband  circuit  intercon¬ 
nect  based  on  a  WDM  transport  facility,  as  shown 
in  Fig.  6.  As  a  result,  the  STARNET  architecture 
efficiently  supports  diverse  types  of  traffic. 

An  experimental  demonstration  of  STARNET  is 
currently  under  development  in  the  Optical  Com¬ 
munications  Research  Laboratory  at  Stanford 
University.  The  initial  STARNET  experiment 
will  interconnect  four  workstations  through  a  4  x 
4  passive  star  coupler.  The  data  rate  for  the 
broadband  circuit  switched  network  is  3  Gb, 's/sta¬ 
tion.  The  packet-switched  network  data  rate  is 
100  Mb/s. 

STARNET  Architecture 

STARNETs  physical  topology  is  the  passive  star 
shown  in  Fig.  2a.  However,  each  node  transmitter 
transmits  two  independent  data  streams,  stream 
C  (circuit  data)  andstieam  Pfpacket  data),  as  depict¬ 
ed  in  Fig.  7.  Each  node  has  a  tunable  receiver 
that  can  be  tuned  to  any  transmitter  and  decodes  the 
C  stream,  thus  enabling  a  broadband  circuit 
interconnea  among  all  the  nodes.  In  addition,  every 
node  is  equipped  with  a  5xed  receiver  which  decodes 
the  P  stream  of  the  previous  node  in  the  frequen¬ 
cy  comb,  as  shown  in  Fig.  7.  The  first  node  of  the 
chain  is  equipped  with  a  receiver  that  decodes  the 
P  stream  of  the  last  node.  In  this  manner,  a  undi- 
rectional  store-and-forward  logical  ring  topology 
similar  to  theat  of  FDDIis  formed,  as  shown  in 
Fig.  6 
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STARNET  ?h  s  :::i  'impiemenrcnon 
Tne  e.xperime;  ; ST.ARNET  vi.  til  connect  tour  v.-ork- 
stations  thrr  igh  a  passive  star  coupler.  Each 
node  consist  ot  a  transmitter,  a  3  Gb.s  broad¬ 
band  receive.'  for  the  circuit  interconnect,  and  a 
125  Mbis  receiver  for  the  packet-switched  net¬ 
work.  The  network  operates  at  a  center  wave¬ 
length  of  1319  nm  over  conventional  single  mode 
fiber  with  a  network  diameter  of  4  km. 

.A  STARNET  transmitter  is  illustrated  in  Fig.  8. 
Hhe  laser  source  is  a  25  mW.  1 3 19  nm  Nd:  Y  AG  laser. 
The  light  carrier  passes  through  an  isolator  and  is 
then  coupled  into  a  conventional  single  mode 
fiber.  Subsequently,  the  light  passes  througha  50  per¬ 
cent  splitter;  half  the  power  is  sent  to  the  external 
modulator,  while  the  other  half  is  used  as  the  LO 
for  the  packet-sw  itched  network  receiver.  The  exter¬ 
nal  modulator  is  a  LiNbOi  dual  phase/amplitude 
modulator.  The  3  Gb/s  circuit  switch  data  is  PSK  mod¬ 
ulated  on  the  optical  carrier.  The  100  .Mb/s  packet 
data  is  4B/5B  encoded  and  then  ASK  modulated 
on  the  optical  carrier  at  125  Mb/s  by  modified 
FDD!  hardware  in  the  workstation.  After  modu¬ 
lation,  the  optical  signal  is  sent  to  the  star. 

The  PSK  receiver  (Fig.  9)  uses  a  thermally  tun¬ 
able  .NdiYAG  laser  as  the  LO.  The  polarization 
of  the  LO  light  is  manually  aligned  with  the  polar¬ 
ization  of  the  network  signal  and  then  both  sig¬ 
nals  are  combined  with  a  3  dB  coupler.  The  mixed 
optical  signal  is  applied  to  a  PIN  photodiode  with 
a  low-impedance  front-end.  The  resulting  electronic 
signal  is  centered  around  an  IF  of  8  GHz.  The 
signal  is  then  mixed  with  a  8  GHz  RF  local  oscil¬ 
lator  to  bring  it  to  baseband.  A  portion  of  the 
baseband  signal  a  used  t&maintain  phase  lock  of  the 
receiver  (27).  The  remainder  of  the  baseband  sig¬ 
nal  is  low-pass  filtered  to  recover  the  3  Gb/s  data. 
The  system  is  designed  to  ensure  a  BER  of  lO-’ 
with  a  10  dB  system  margin. 

The  ASK  receiver  (Fig.  9)  uses  the  transmitter 
laser  as  the  LO.  After  polarization  alignment  and 
■3^Brouptingrthe  ASK  heterodyne  optical  signal 

15  sent  to  a  PIN  photodiode  with  a  low-impedance 
front-end  amplifier.  The  resulting  IF  signal  is  squared 
to  remove  the  phase  modulation  and  sent  to  a 
low-pass  filter  to  recover  the  baseband  125  Mb/s  data. 
The  data  is  then  decoded  by  the  FDDl  hardware 
in  the  workstation. 

The  following  is  a  discussion  of  some  of  the  design 
decisions  that  were  made  for  the  initial  STAR- 
NET  experiment. 

Modulation  format  -  Heterodyne  PSK  was  chosen 
for  the  3  Gb/s  interconnect  because  of  its  superi¬ 
or  receiver  sensitivity  and  efficient  bandwidth  uti¬ 
lization. 

Transmitter/ modulotor-Since  heterodyne  PSKdetec- 
tion  is  used,  lasers  with  low-laser  linewidths  are 
required  (37),  Nd.  YAG  lasen  were  seleaed  for  their 
ultra-narrow  linewidth,  excellent  frequency  stabil¬ 
ity,  and  large  optical  output  power  (25mW). 
Network  frequency  ollocotioo  -  Node  transmitter  £re- 
quencies  are  allocated  in  a  bandwidth  efficient 
manner  (38),  as  shown  in  Fig.  10a.  The  signal  spec¬ 
trum  at  the  IF  stage  of  the  packet  network  fixed  receiv- 
er  IS  shown  in  Fig.  10b.  Note  that  the  carriers 
corresponding  to  the  previous  and  next  node  are  both 
visible.  The  minimum  optical  channel  spacing  is  8 
GHz.  resulting  in  packet  network  IFs  of  3  GHz  or 

16  GHz  depending  on  the  position  of  the  receiver 
node. The  IFfortheSGb/sbroadbanddrcuitisSGHz 
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■  Figure  7.  Tu'o  independent  data  streams  i  C  and  P)  are  muhtplexed  onto  each 
earner.  The  flirst  node  of  the  chain  extracts  the  P  -rrearn  of  the  east  node  :n  me 
comb,  and  closes  the  nng. 
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1  Figure  8.  STARNET  node  transmitter 


for  all  nodes  and  is  set  by  the  mnabie  receiver  LO.  For 
the  four  node  experiment,  the  range  of  transmitter 
frequencies  is32GHz.Atl319nm  centerwavelength. 
this  results  in  an  extremely  dense  optical  channel  spac¬ 
ing  of  just  O.W  nm.  or  2.67  bit  rates.  Although  the  chan¬ 
nel  spacing  is  very  narrow,  less  than  2  dB  of  channel 
crosstalk  power  penalty  is  foreseen  (39). 

Tunable  receiver — The  tunable  receiver  LO  is  an 
ultra-low  linewidth  Nd.YAG  laser.  Unfortunately, 
the  narrow  linewidth  is  accompanied  by  slow 
thermal  tuning  (several  seconds)  and  a  $m^  tun- 
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■  Figure  1 0.  Carrier  visibilicy  at  IF  in  the  fixed 
receiver  of  node  4  employing  the  node  carrier  as 
LO  and  minimum  optical  bandwidth  allocation 
of  carriers.  In  this  case,  the  privious  node  IF  is  at 
^2;  the  next  node  IF  is  5.  The  value  of  5  is  16 
GHz  in  STARNET. 

ing  range  (40  GHz).  A  PIN  photodiode  with  a 
low-impedance  front-end  amplifier  is  used  for 
photodetection  of  the  heterodyne  PSK  signal. 
The  greater  sensitivity  of  a  balanced  receiver  is 
sacrificed  for  the  reduced  cost  and  compleidty  of  the 
single-ended  receiver.  The  IF  demodulator  uti¬ 
lizes  commercially  available  microwave  components. 
Frequency  shibilizotion  -  STARNET  uses  a  novel 
approach  to  achieve  relative  frequency  stabilization 
of  the  networ!c.The  fixed  receiver  keeps  its  LO  tuned 
to  the  previous  node  in  the  frequency  comb.  In  STAR- 
NET,  the  LO  of  the  fixed  receiver  is  also  the  node 
uansminei  laser.  Therefore,  the  frequency  control 
operated  by  the  fixed  receiver  to  keep  its  LO 
locked  on  the  previous  node  carrier  also  establish¬ 
es  relative  frequency  stabilization  between  the  two 
nodes.  Since  eadi  node  is  locked  to  the  previous  node, 
overall  network  frequency  subilizadon  is  achieved. 


Polarization  control  -  Polarization  control  ot  the  ini¬ 
tial  STARNET experiment  is  manual,  whicn  reduces 
receiver  complexity.  A  mature  implementation 
will  require  polarization  diversity,  polarization- 
switching  or  polarization-maintaining  fibers. 

Conclusions 

rhe  characteristics  of  the  WD.Vl  network  exper¬ 
iments  discussed  in  this  paper  are  summarized 
in  Table  III.  As  indicated  by  the  table,  coherent 
networks  achieve  denser  channel  spacing  and 
higher  data  rates  at  the  e.xpense  of  added  comple.xir/. 

Multi-Gb/s  broadband  networks  are  required  for 
future  high-speed  applications  such  as  broadband 
video  and  supercomputer  interconnection.  In 
addition,  these  future  networks  must  also  handle 
current  low-speed  applications  such  as  electronic 
mail  and  file  transfer.  As  indicated  by  Table  III,  direct 
detection  and  coherent  technology  both  offer 
solutions  to  the  networkingof  many  high-speed  chan¬ 
nels  using  WDM. 

Although  experiment^  WDM  systems  take  advan¬ 
tage  of  the  huge  bandwidth  of  the  optical  fiber, 
both  optical  filter  and  laser  tuning  speeds  are  not  yet 
fast  enough  to  support  very  high-speed  packet- 
switched  data.  One  solution  to  this  problem  is  offered 
by  STARNET.  The  STAlRNET  architecture  pro¬ 
vides  two  logical  networks,  a  multi-gigabit  broad¬ 
band  circuit  switched  network  simultaneously 
with  a  high-speed,  packet-switched  network. 

An  experimental  STARNET  is  being  con¬ 
structed  at  Stanford  University,  It  will  intercon¬ 
nect  four  workstations  with  a  data  rate  of  3 
Gb/s/node  for  the  circuit  switch  network  and  100 
Mb/s  for  the  packet-switched  network. 

Many  challenges  are  yet  to  be  resolved  before 
multi-Gb/$  optical  networks  become  practical. 
Among  these  challenges  are  the  development  of  fast 
tunable  and  narrow  linewidth  lasers,  tunable  fil¬ 
ters,  automatic  frequency  selection,  frequency 
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stability  ot  the  nework.  design  of  network  protocols 
efficient  for  high-speed  bursty  and  continuous 
traffic,  and  selection  of  network  topologies  which 
optimize  both  throughput  and  latency. 

Acknowledgments 

Support  for  the  STARNET  experiment  is  provid¬ 
ed  by  the  National  Science  Foundation,  through 
|Grant  No.  ECS-91U766,  and  by  the  Office  of 
Naval  Research,  through  Grant  No.  N00014-91-J- 
1857.  Michael  Hickey  is  supported  by  an  NSF 
graduate  fellowship.  Giro  Noronha  is  supported 
by  an  FAPESP  fellowship.  Charles  Barry  is  supponed 
by  a  DEC  fellowship. 


References 

( 1 1  CCm  *.  121.  'SroodbondAipacnoflSON/  S/tf«3oo4, 

^icici«  IM  7.  pp.  31^}.  M«fbourn«  1988 
*00091. ’HigNSpitp N<»wofkn^ ond B4S0N.* iNfOCOM  1991  fui^ 
not,  Sol  Horbowr.  Ho..  Apnl  9-11 ,  1991, 

[3}  J.  3a/initt«r,  L  frorto,  oftd  M.  Gorlo.  '^opologicol  Oougn  of  tHo 
Woy*lOf>9iM>ivis«oftOohcol  NoimoHi.*  IEEE  iNfOCOM  1 990.  Son 
Froftcijco,  Jun#  3-7,  1990, 

[4]  J  Sonniiiof,  1.  Frotto.  ond  M.  G«da,  m  largo  MofropotifOA 

Afoo  Nofworki  8oi«d  on  WqvotoogdvOivnioo  Muliipiosing  Toeh* 
noiogy.*  ia  High-Copoeit/  Local  and  MmtrofioUton  Arno  Nof> 
workt  •  Afchifocrurm  and  Porformanco  lnuoi,  O.  Pujoifo  (od.) 
'tSpnngof^Worlog.  1990^. 

LobQtfrdomaodA.  Acqmpofo.  *Wa»>^l■A9d^4^^4ty^oArf^^^^i^opU9>» 
wovo  NoAivorkt.*  'EEE  INFOCOM  1990.  Soa  Fronciico.  Juno 
7.  1990. 

[6]  J.-f .  Lobourdodo  and  A.  Acamporo.  *Parfiaf^  (•coofigurobU  Muit^ 

Kop  lighfsm  NohtotU,  *  IEEE  G106EC0M  1 990.  Soo  Oiooo.  Ooe. 
2-5.  1990. 

[7]  I.  Habbob.  M.  Kowohrpd.  ond  C.  Stiwdbfg.  'FroipopU  for  V«y  Higtw 

SpoodOptkoi  Ftbor  local  Ar«o  NoNrprtii  Ubng  a  Foam  Slor  Topo^ 
ogy/  IEEE  ).  of  r«d»..  Vpi.  lT-5.  No.  1 2.  pp.  1 782*93. 

Ooe.  1987. 

[8|ri:ibo<wioepwdA.Qw^oiipn  Ffawahoia^AgyfidwwoMi  WDM  Star 
NoMrhA.*  lEGElCC  1919.  aom.iuao  1 U4.  1999. 

(9|  A.  GoftX  OAd  Z.  Kp^.  *W0M  FoAAivo  Star— AroioeolA  ond  Forfor> 
mpnco  AApfyttt.*  IEEE  INFOCOM  1991.  8pt  Horbovr.  Flp., 
Apnl9.n.  1991 

[  1 01  O-  CopviA.  <.  W.  CSowng.  ovkI  M.  M.  CSoy.  'SingbA  ond 

Wovolongdi  Oporoboft  of  AcowPo  Opdc^  fuAod  Sotmcoodoo> 
>oe  lotpf I  at  1  3  M«<rpA«,  *  Frpc.  1 1  IEEE  Int-  Som»<oAdwcior 
LatorCoAf,  Bppoa.  Avg.  294opt.  1.  1989. 

UJ  tf  ■  rtoiioinM.MpU'Na>w>»4iriMd8>.  eadR»Opiioa9yr<MbtolACaAiA> 
I’i.UNbOO  Edondod  Co««ty  lotv.*  App.  Phyt.  Lf#..  Vpl.  j  f ,  pp. 
I6A43.  1987. 

( I  2I  M  Oko».  S  SokoAp.  GAd  N  CHinpAo.  *Wrd»8pngp  CoaHaupui 
^unoi^p  Opvblp>SpetipApd  Oidnbvtod  Piodbock  loAOfA.*  1 2tH 
f  jrooppA  CoAf  Opbe.  Comm..  GodtoAborg,  Swodofi.  1969. 

( 1 3|  H.  impi.  *TuAiAg  8p«udi  of  1  SodtpAod  0f9  lawn.*  StwiCDAducior 
lOAor  Worbibop.  ClEO'89,  SoidmP.  MO.  1 999. 

[f  4|  r  L  Koch  otaf..  'CoAfiAgpiMly  TuApblo  1.5  mm  MujUptoQuomwo 
Wpd  CptnAi/GotAAiF  Obinbmid  if  J99  Eolbdpr  lawn.  *  ffoorm. 
Iwr..  Vol.  24.  No.  23.  Nov.  1 989. 

(I  5(K.  <oboyoab<OAdt.Mitp. 'StnglaFNpupAeypAdTtinablaVeaarOtodaii.* 
/  ughAwpvp  r«eb.,Vot.  if-b.  No.  1 T,  pp.  162343,  Nov.  1989. 

[16)  T.  *  ito  oAd  C.  E.  Zah,  "WpvoloftgdvTunobio  ond  SiAgtpPwpiwn 
cy  Sam<eoAdt;cfor  lato<A  for  FHowak  CommvnxatioAi  NpA 
>«*ortA,'  '£££  ComifivAicoAoAA  Mop.,  pp.  4242.00.  >999. 

[  1 7]  H  <obrtAUi  OAd  K.-W.  CHoung^  •VFa  'iliwpdi  fwAobio  Opricef 

ton:  ApplicoAQAA  OAd  Tochnofogiot.*  (CEE  ComAwniOoboni 
Mop.,  pp.  53-63.  Oct.  1 999. 

n8)  $  1  Mtllorondl  F  Kpmmow.  O^koi  Pfbor  TafoeommiOe^t^m  » 
pp.  79.90  (AcadMW^ow.  1969|. 

[  1 9]  L  G.  <ossv«ry.  'Fhpip  «nd  FidorUBpbtfwOAarl»  Coborow  OpPeM 
'•chAtpup*/  J.  UgAAmmrn  Took.,  Vpi.  17-7.  No.  2,  pp.  279*92. 
•vb  1989 

[20|  N  CopOAio  •#  of..  'FolorltoMon  (AtonpfNo  Coboronr  rrommiwon 
by  SvAchrorfOv*  lArrobd  Fofon'Mfton  SproodfAp  *  EibcfroA.  Lott.. 
Voi  27  Me.  4.  Fob.  U,  1991. 

[21}F  Mo(smoAA00.,*>AW9roNidOpiieFolonmleA«oAiroHorwi#iUnHAv 
'od  TrQrtiformoAOA  XoApo,*  Appf.  Phyt.  Vpl,  57.  No.  9, 
4uq.  1990. 

22}  7  C.  CNuAp  0toi .  *W0M  CohofpAt  Sror  Nonvork  wtrh  AbtofoW 
^mqiwnevAaforonoo.'  (SBSIoeooo.  IPV..  Vof.  24,  No.  2 1 .  pp.  1 3 1 3- 
U  Oct  13,  !988. 

[23|  S  Sudo.  V  Sokot.  and  T  ikopomi.  'Fropuoney  StobdiiotfOA 
SchoA*#  for  0F8  lowr  Ofodo*  Uimp  Acotyfono  AbAorpnoA  Uapa 
A  1  51  1  55  tflm.'OFC  91,  SonOwpo.  poowf67.  1991 


_24j  I-  0  <020vny,  Novel  ?*tQ».ve  frequency  l'':Z  zz-  on  'ec--  q.A 
»or  MultjCAOAr»tf  jricpi  C3fr*myniC3''0n  Sysremi,*  fff  ,  3, 

1.  No.  12.  pp  C  j.57  .93P 

[25|  I-  O  <aiOv*ky.  £»pvrimeA'oi  Selarivt  r'eqoency  S'ocibtqvon  of  p 
Sot  of  losort  Usi  *5  Opfico)  P^aj^cockep  Loops,  *  EzE  P*l.  r'of 

2.  No.  7,  pp.  5:618,  jjly  W90 

(26)  T  So.»o  otai.  'H  -n  ?#c#.v#r  S*A5  ifivify  cf  ’  0  Gb/ 1  Uiing  on  ;r- 

Dop«dF'b#f  Fr*amplifttf  p.jAiQ^v^ifhoO  98  mmiojAT  OiodA  '  cEE 
/>ri.  Vol  3,  No.  6  pp  551-53,  Lun*  5991 

[27]  L  G.  KoiO''*ky  and  0  A,  Artoi.  'Opf-cal  PNov»-locli*d  ?5<  Herer^ 

dyn*  £*p#fim*nf  Of  4  Gb/«,' .ccf  FH  Vol  2,  No  3  Auo 
1990. 

[291  ^  100<fionnvj  Opricoi  FOM  r  ronjmissiOn/Oi  vAibt> 

fiOA  Ot  622  Mb/ 1  Ov«r  50  km. '  J  l.anfwov#  fecft .  Vol  3  No 
9.  pp.  13961401.  Upt  1990. 

(29)  8  E.  WogoAf  of  al ,  * !  6CSonnei  Contranr  9roodcoii  N^rwort  at 

l53Mb/t.  OFC  89.  Hotj»foA,  pcpaf  FD I  2.  1939 

[30]  9  GIOACAOAdO.  ScoronsyCCi.  'Computarontfotlad  MuifiC^an'’#! 

HatarodyA*  OphcoJ  Commyn.cotiOA  Syiftm."  EEE  PTi_  /o*  3. 
No.  1 .  PP-  93-85.  JoA.  1991 

[3 1  jG  Ha^arof.. 'CMC SroodbondCuWomar  Accaii' CMC Syitam  AqoI'- 
cohoA  Araoi  ond  EvoIuIioa  Accttt.*  -ourfb  8 1 0 1 0  report  C.mC 
6U2-I.  Sopr.  1991. 

(32)  8.  Gt^oA  arof.,  'TaroNat'  A  Mgln  G'gobit  Far  Sacond  Hybnd  Cv- 
cuit/pockat  SwucAad  UghAvava  Natwork.'  P'-oc.  5P!£  Adv  ^-bof 
Cotnm.  Todi..  pp.  4048.  Sowoa  91,  Sapr  34.  1991 
(33|  ANSI.  'SroodboAd  iSON  ATM  AspacivATM  Loyar  FynctiOAOiiiy  ond 
SpaciRcohonriSI  5/9005882.' Agq.  27.  1990. 

[34]  N.  8.  OoAo  doi.,  *A  Wovalangfh  Olviiion  Multipla  Aecass  Natwort 

for  Computar  CommuAicotioA,*  lEEE  J5aC.  Vol.  8  No  6  00 
98G94.  Aug.  1990. 

[35]  A.  Fiorath  at  o/..  *Aa  Evolutfonofy  ConfiguraHon  for  on  Ooticol 

CoHaram  MulhchonAal  Network.'  GIOBECOm  90.  pp.  779-33, 
$oA0w9o,0ac.  2-5  1990. 

[36]  F.  r.  FoggioiiAi  OAd  L  G,  <azowtky,  'STARNET:  on  Inttgrdfad  Sar- 

«>catBtoodboAdOpiicdNatwcrkwiihFky«tcol  SiorTopoioqy,*  Adv. 
Fibar  Comm.  Taeh.,  laOAid  G.  <odovikY  (ad.).  Proc.  SPf£  ^579. 
pp.  1629.  1991. 

[37]  L  G.  Koxvnky.  *Pat4o»moAca  Anolytii  ond  loiar  linawidfh  RaQuira> 

fAOAtt  far  Opicpf  FSK  Hatarodyna  CommvAicoHoAa  SyaWAM. '  J  Ugh^ 
W9V«  Todt..  Voi.  174.  No.  4,  April  1 906. 

[38]  V-  O'SyrAa,  *A  MatKod  for  Raducing  tha  Ckonnal  Spocing  in  a 

Cokotont  Oprtcol  Hatarodyna  Syitam,*  /fff  PTl,  Vo<  2.  No  7 
July  1990. 

[39]  L  G.  ICasMiley  ond  J.  L  Gimlall.  'SanuHvity  FanoHy  in  MulticKennal 

CohawAt  Optiool  CommunieonoAi.*  J.  Ughiwovo  Toch.,  Vol  6, 
No.  9,  Sopi  1989. 

(40|  W.  8.  Sowa.  0  d.,  'MuMcbonnaf  Ffapuaitcy  Contro)  for  MulMleca 
Non  M0vw<k  AppbcotiOAa.*  OfC  ‘9i.  Proc..  Fopof  WHS.  p.  98. 
SonOtogp^Fab.  19^22,  1991. 

[41)8.  C.  *Jtommu  m  of.,  *WidMy  Tunobla  IaGoA$F/1aF  lowr  Boiad  on 
o  Vartkol  Cogplar  lAtroooviiy  Filtat,'  07C  '92  Pottdoodiino 
Papon,  PoparF02,  pp.  321 -24,  Son  Jow,  Fab.  2-7,  1992. 


Biography 

0(.liON«a.lUn>9ET|MM.SAAej.F-90|rKmdhi>M.Se.  and  PS  0. 
dagrooa  m  afactricof  anginaanAg  from  tka  lanmgrod  EiactrotackAicof 
inerituW  of  CommvntcoHoAa.  Laningrod,  USS8,  'A  1969  and  1972. 
ra«pactlvaiy.  from  1974  to  1984  |wtth  a  ono-yoor  mtorrupitoA  For 
octrrp  Atdiiory  wryieaf.  Dr.  8o<ovsky  wot  taoching  ond  doing  roMorck 
ot  li^afr  ond  U-S.  wnivarvHat.  From  1984  to  1 990  ha  wa»  witH  Salk 
cora,  8ad  Soak.  Navr  Jartay.  In  1 990,  Dr  Kozoviky  joinad  Stonford 
Unrvarpty  o»  profawor  of  daelricol  aAgtnaanng. 

ChNUS  ftMtrrocanad  hit  8.S.  m  physict  hom  MfT in  1 982  ond  hiiM.S  E.E. 
from  Stanford  Univarttty  in  1 988  Mr.  Sorry  hot  baan  o  prtnctDol 
davgn  anginaor  with  OigiiM  Epuipnwr^tCorporahon  vnca  1 983  ond  it  cun 
ranfty  o  Fh.O.  itvdant  ot  Stonford  Univarsity  studying  on  a  DEC  Failo^w 
ship.  Mr.  Sony  it  a  liwAiad  profauionof  angtnaar  (CA). 

MrcHAfl  HiCXXY  (h69t|  rocaivad  his  8  S.E.E.  from  Rica  Univarsity, 
'^lovtioa.  Tosof.  in  1989  ond  His  M.5  E.E.  from  Stonfoird  University, 
Stonford.  Cafifamia  m  1 990.  H«  it  m  hit  third  yaar  oi  Stanford  Umvan 
iity  thidying  on  9  Modoagf  Setanca  Fovndonon  grodvow  fadowship. 

Ctao  A.  N040NMA.  Jl.  raewvad  Kit  8. S.E.E.  ond  M.S.E.E.  dagraat  from 
tha  insiiMe  TactwMgicp  da  Aaroadwticu.  Sdo  Jot4  dot  Compos.  8roal, 
•n  1985  ond  1999,  rtipocawfy.  Neronho  wpi  o  datign  angmaar  with 
Efabro  Tafoeam  SA,  Sdo  FoMo.  Brasd,  from  1 996  W  1 987  From  1 987 
•o  1 999  ha  «wi  with  ih#  ulacommunicotiont  daooranant  of  the  institgio 
^acnolbgwoda  Aawabvfleo,  $6o  Jota  dot  Compos.  Srozti.  Sinca  1989 
Ha  hot  boaa  a  Ffi.O.  oadow  0  Siaafofd  Untvamfy. 

Ftciiutci  FocoiOuNt  wot  owordad  tha  lourao  dagraa  cum  louda  ot 
Fai*iaemeadiTartno«a  1 999 .  Hg  wot  with  fhg  ttoiipn  Stoia  T alaphona  Com> 
pony  >aiaordi  Canwr  CSElT  (Turin]  for  nina  months,  ot  o  gronrhoidv. 
'A  1 989  ho  siortad  o  Fh  D.  progrom  or  Folit««nico  di  Torino.  At  pro- 
sanr.  ha  m  oa  iaova  ot  Stoaford  Umvorstty.  Fiorhiigi  Foggioiini  is  tuo* 
portad  by  tha  itolion  Ministry  of  Educotion  ond  th#  itoiion  Stoto 
^tlaphona  Compoay. 


STARNET:  a  Multi-Gbit/s  Optical  LAN  Utilizing 

a  Passive  WDM  Star. 

L.  G.  Kazovsky,  P.  T.  Poggiolini 

Department  of  Electrical  Engineering,  Stanford  University* 
Durand  Building,  room  202,  Stanford,  CA  94305-4055 
FAX  (415)  7239251,  E-mail  leonid@sieiTa.stanford.edu 

Abstract 

VVe  propose  a  new  broadband  local  area  network,  STARNET,  based  on  a  physical  passive 
star  topology.  Over  a  single  physical  network,  STARNET  offers  all  users  both  a  moderate- 
speed  packet  network  and  a  high-speed  WDM  circuit  interconnect.  Based  on  these  two 
data  transport  facilities,  several  topological  and  protocol  solutions  axe  available  to  the 
users.  As  a  result,  STARNET  supports  traffic  of  widely  different  speed  and  continuity 
characteristics.  Each  node  of  the  network  requires  only  two  lasers  and  its  structure  facil¬ 
itates  the  achievement  of  frequency  stabilization  for  the  whole  network.  An  effort  toward 
an  experimental  demonstration  of  a  4-node,  3  Gbit/s  per  node,  FDDI-compatible  (at  the 
packet  network  level)  STARNET  is  currently  in  progress  at  the  Opticad  Communication 
Research  Laboratory  of  Stanford  University. 

1  Introduction 

Future  LAN’s  are  expected  to  provide  the  wide  variety  of  services  shown  in  Fig.  1.  The  low 
speed  services  of  Fig.  1  could  be  hamdled  by  evolutionary  versions  of  the  presently  available 

'This  work  was  partially  supported  by  ONR  under  contract  number  N00014-91-J-1857  and  by  NSF 
under  grant  number  ECS-91 11766. 
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networks.  The  high  speed  ones  require  a  new  generation  of  local  area  networks.  The  target 
is  therefore  an  integrated  services  Broadband  Optical  Local  Area  Network  (BOLAN)  that 
supports  the  whole  spectrum  of  traffic  shown  in  Fig.  1. 

Packet  switching  and  circuit  switching  have  both  been  considered  for  operating  a 
BOLAN.  Currently,  the  prevailing  approach  is  that  of  packet  switching,  because  packet 
switching  seems  to  be  more  effective  in  handling  very  different  data  rates  and  permits  a 
more  efficient  processing  of  bursty  data. 

As  far  as  physical  implementations  of  BOLAN’s  are  concerned,  the  WDM  passive  star 
solution  seems  to  be  one  of  the  promising  options,  because  it  offers  a  theoretically  huge 
bandwidth.  However,  this  bandwidth  comes  in  the  form  of  a  large  number  of  optical  WDM 
independent  channels  and  realizing  a  packet  mode  of  transmission  in  this  intrinsically 
circuit  switched  environment  represents  a  chadlenging  task.  To  this  end,  different  media 
access  strategies  and  node  configurations  have  been  devised. 

Some  of  these  proposals  rely  on  the  use  of  very  fast  tunable  receivers  [1,  2,  3|;  others 
impose  strict  requirements  on  the  node  ability  to  maintain  synchronization  with  the  other 
nodes  and/or  to  operate  in  a  time-slotted  environment  [4,  5,  6,  7];  still  others  are  based 
on  the  use  of  multi- hop  logical  topologies  (8,  9,  10,  11,  12],  where  each  node  performs 
some  routing  functions.  Some  of  the  above  proposals  require  that  each  node  have  many 
transmitters  and/or  receivers  (7,  5j. 

The  complexity  of  these  proposals,  or  the  high  performance  required  for  some  compo¬ 
nents,  show  that  the  WDM  star  solution,  although  attractive  from  the  bandwidth  point 
of  view,  causes  difficult  implementation  problems  for  packet  transmission. 

In  this  paper  we  describe  a  new  BOLAN  approach,  STARNET,  based  on  a  passive 
WDM  star,  which  aims  at  fully  exploiting  the  bandwidth  potential  of  this  architecture  but 
does  not  require  extreme  hardware  and  protocol  complexity  or  performance.  This  result 
is  achieved  by  giving  up  the  attempt  of  delivering  all  kinds  of  traffic  through  a  single 
packet  network.  Instead,  two  logical  networks,  a  packet  one  and  a  circuit  interconnect, 
are  put  together  on  the  same  physical  medium. 

STARNET  has  been  conceived  with  the  objective  of  an  experimental  realization,  which 
is  currently  in  progress.  Therefore,  serious  attention  h2ts  been  devoted  to  implementation 
details.  Feasibility  with  currently  available  (research)  technology  was  set  2is  a  primary 
goal. 

The  paper  is  organized  as  follows. 
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In  Section  2  we  discuss  the  characteristics  of  the  different  types  of  traffic,  <ind  envis¬ 
age  suitable  network  solutions.  The  goals  of  STARNET,  and  in  particular  the  idea  of 
implementing  both  a  packet  network  and  a  broadband  circuit  interconnect  on  the  same 
physical  star,  are  established.  The  rest  of  the  paper  is  devoted  to  the  presentation  of  the 
implementation  de'  .tils  and  performance  analysis  of  STARNET.  In  Section  3  the  node 
structure  is  described  and  the  basic  network  configuration  is  introduced.  Section  4  de¬ 
scribes  several  implementation  alternatives  of  the  node  structure  introduced  in  Section  3; 
the  problem  of  frequency  stabilization  is  also  addressed.  In  Section  5,  some  solutions  for 
multiplexing  more  than  one  data  stream  on  the  same  optical  carrier  are  analyzed.  In  Sec¬ 
tions  6  and  7  the  performance  of  STARNET  is  assessed.  Sections  8  and  9  are  devoted  to 
some  substantial  upgrades  to  the  basic  STARNET  configuration.  In  Section  8  improved 
versions  of  the  packet  network  are  presented.  In  Section  9  broadband  multihop  packet 
transport  by  means  of  the  circuit  interconnect  is  discussed.  In  Section  10  broadcasting 
and  video-conferencing  using  the  STARNET  circuit  interconnect  are  dealt  with.  Section 
12  deals  with  the  feasibility  of  STARNET  and  describes  the  experimental  testbed  which 
is  presently  being  assembled. 

2  STARNET  Goals 

The  target  of  a  BOLAN  is  that  of  handling  different  types  of  traffic  having  diverse  speed 
and  continuity  characteristics.  Traffic  can  be  broadly  grouped  into  three  categories: 

1)  low  speed,  bursty  or  continuous,  including  telephony; 

2)  high  speed,  continuous; 

3)  high  speed,  bursty. 

Category  1  includes  all  the  services  shown  in  Fig.  1  as  low-speed.  Categories  2  and  3 
share  all  the  rest. 

Packet  trsmsmission  is  an  adequate  solution  for  category  1.  If  the  network  has  sufficient 
capacity,  telephony  can  be  offered  too,  on  a  virtual  circuit  basis. 

A  circuit-switched  network  seems  to  be  suitable  to  handle  continuous  streams  of  data, 
especially  when  the  duration  of  the  connection  is  relatively  long  (category  2).  This  is 
the  case  for  instance  of  video-conferencing  or  transfer  of  big  files  (images,  books,  movies, 
magazines).  These  services  are  often  referred  to  as  ‘call  oriented’.  For  this  kind  of  traffic, 
switching  time  does  not  need  to  be  extremely  small. 
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Category  3  is  mainly  related  to  supercomputer  interconnections.  One-to-one  connec¬ 
tions  can  be  bandied  on  a  circuit-switched  basis,  but  when  msmy  supercomputers  need 
to  communicate  simultaneously,  broadband  (multi-Gbit/s)  packet  communication  may  be 
necessary.  This  last  scenario  is  bound  to  a  very  specific  application,  most  likely  involving 
only  a  small  subset  of  nodes  in  the  LAN. 

Taking  into  account  the  above  observations,  our  proposal,  STARNET,  offers  to  all 
nodes  both  a  packet  network  for  low  and  moderate  speed  services  (category  1)  and  a 
broadband  circuit  interconnect  for  call-oriented  services  (category  2).  These  two  entities 
operate  independently  and  simultaneously  over  the  same  physical  network. 

The  merit  of  this  approach  is  that  one  does  not  need  to  push  the  performance  of 
the  packet  network  because  it  is  devoted  to  low  speed  traffic.  At  the  same  time,  the 
circuit  interconnect  implementation  is  greatly  simplified  by  the  relaxed  switching  time 
requirements  of  cadl-oriented  traffic.  Also,  all  the  signaling  and  protocol  management  for 
the  circuit  interconnect  is  easily  handled  through  the  packet  network. 

Finally,  arbitrary  subsets  of  STARNET  nodes  can  be  upgraded  so  that  a  broadband 
packet  network  can  be  built  among  them.  The  upgrade  involves  only  the  electronics,  not 
the  optics,  of  the  nodes.  The  broadband  packet  network  can  be  set  up  without  interfering 
with  the  lower  speed  packet  network  or  the  circuit  interconnections  of  the  other  nodes  in 
the  network.  This  feature  enables  STARNET  to  cover  category  3  of  traffic,  thus  making 
it  capable  of  supercomputer  interconnections  too^. 

As  a  result  STARNET  meets  the  goal  of  dealing  with  the  different  kinds  of  traffic 
effectively,  while  avoiding  extreme  constraints  on  network  parameters  or  hardware  and 
protocol  features. 

'STARNET  is  not  designed  to  meet  the  specifications  of  a  backplane  for  shared  memoty  multiprocess¬ 
ing,  which  is  believed  to  require  transfer  rates  on  the  order  of  30-40  Gbit/s  per  node  [12].  STARNET  may 
instead  be  suitable  for  duiriiuted  or  measage  passing  multiprocessor  systems,  especially  in  loosely  coupled 
processing  environments,  where  processors  share  the  results  of  lengthy  calculations  performed  locally, 
instead  of  interacting  at  the  single  instruction  level.  The  objectives  and  the  intrinsic  nature  of  a  BOLAN 
like  STARNET  are  completely  different  from  those  of  a  backplane  for  direct-processor  shared-memory 
interconnections,  which  can  be  seen  as  an  internal  resource  of  a  multiprocessor  supercomputing  machine. 
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3  The  Basic  Node  Configurations 

Each  node  of  STARNET  is  optically  connected  to  all  the  other  nodes  through  a  passive 
optical  star,  as  shown  in  Fig.  2. 

The  basic  node  configuration  is  shown  in  Fig.  3.  Each  node  is  equipped  with  one 
transmitter.  Its  light  source  is  tunable,  but  tunability  is  required  for  network  flexibility 
and  fault  tolerance  only,  rather  than  wavelength  switching.  In  normal  operation  the  light 
source  is  kept  fixed  at  a  certain  wavelength.  Each  node  keeps  its  source  tuned  to  a  different 
wavelength,  so  that  a  comb  of  light  carriers  is  formed. 

Using  a  suitable  multiplexing  strategy  (see  Section  5),  the  node  transmitter  transmits 
two  independent  data  streams,  stream  ‘P’  and  stream  ‘C’  as  depicted  in  Fig.  4.  Letters 
‘P’  and  ‘C’  are  mnemonic  for  ‘Packet’  and  ‘Circuit’,  and  this  distinction  will  become  clear 
shortly. 

Every  node  has  a  tunable  receiver  that  can  be  tuned  to  any  transmitter  and  decodes 
the  ‘C’  stream  only.  ‘C’  stream  transmission  and  tunable  receivers  are  used  to  implement 
a  circuit  interconnect  among  all  the  nodes. 

In  addition,  each  node  is  equipped  with  a  fixed  (as  opposed  to  tunable)  receiver  which 
is  permanently  tuned  to  the  previous  node  in  the  frequency  comb  and  receives  the  ‘P' 
data  stream  only. 

Therefore  each  node  receives  ‘P’  data  from  the  previous  node  and  transmits  ‘P’  data 
to  the  following  one.  Exploting  this  feature,  STARNET  builds  a  logical  ‘chain’  along 
the  frequency  comb.  Through  this  chain  packet  information  flows  as  depicted  in  Fig.  5, 
provided  that  the  data  received  by  the  previous  node  is  relayed  towards  the  next. 

To  close  this  unidirectional  store-and-forward  chain,  the  first  node  of  the  chain  (the 
one  whose  transmitter  is  the  first  in  the  frequency  comb)  is  equipped  with  a  receiver  that 
decodes  the  ‘P’  stream  of  the  last  node  in  the  chain.  Then,  it  relays  this  information 
down  the  chain,  by  retransmitting  it  through  its  ‘P’  data  stream  (see  Fig.  6).  This  way, 
a  logical  unidirectional  ring  along  the  frequency  comb  is  created  as  shown  in  Fig.  7.  This 
logical  topology  is  similar  to  the  one  used,  for  instance,  by  FDDI. 

The  fact  that  the  transmitters  are  capable  of  multiplexing  the  ‘P’  and  ‘C’  data  streams 
onto  the  same  carrier  not  only  avoids  the  need  for  another  optical  transmitter,  but  also 
eliminates  the  need  to  form  a  second  comb  of  cairriers,  which  would  waste  optical  band¬ 
width. 
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Throughout  the  paper,  this  node  structure  will  be  referred  to  as  Basic  Node  Configu¬ 
ration  1  (BNCl). 

An  alternative  to  BNCl  is  to  equip  each  node  with  a  transmitter  capable  of  multi¬ 
plexing  three  data  streams,  stream  ‘C’  and  streams  ‘Pi’  and  ‘P2’.  Similarly  to  BNCl,  a 
tunable  receiver  can  tune  to  any  of  the  transmitters,  and  decode  stream  ‘C’.  The  fixed 
receiver  decodes  stre2un  ‘PI’  of  the  previous  node  in  the  frequency  comb,  and  stream  ‘P2’ 
of  the  next  node  in  the  frequency  comb.  We  shall  see  in  Section  4  that  we  can  still  use 
just  one  fixed  receiver  to  accomplish  this  task. 

This  second  arrangement  will  be  called  Basic  Node  Configuration  2  (BNC2).  It  permits 
to  implement  a  bidirectional  logical  ‘bus’  (Fig.  8),  similar  to  the  one  used  by  IEEE  802.6 
DQDB. 

Alternatively,  this  bidirectional  chain  can  be  terminated  like  in  Fig.  6,  but  at  both 
ends.  In  this  case  we  get  two  independent  counter-rotating  rings  (see  Fig.  9). 

All  these  topologies  are  suitable  for  the  implementation  of  a  packet  network.  Some  of 
them  conform  to  those  used  for  popular  network  standards,  like  FDDI  or  DQDB.  The  con¬ 
figuration  chosen  for  the  experimental  STARNET  testbed  is  BNCl  with  a  unidirectional 
ring  topology  (Section  12). 

Substantial  enhancements  to  these  topologies  will  be  described  in  Section  8. 


4  Node  Implementation 

In  this  section  we  discuss  the  implementation  of  the  basic  node  configurations  BNCl  and 
BNC2,  starting  with  BNCl. 

BNCl,  as  outlined  in  the  previous  section,  has  three  different  subsystems:  a  trans¬ 
mitter,  a  tunable  receiver  and  a  ‘P’  stream  receiver  permanently  tuned  to  the  previous 
node  in  the  frequency  comb.  We  analyze  these  subsystems  one  by  one.  Fig.  10  shows  the 
over2Lll  node  structure,  to  serve  as  a  reference  throughout  this  section. 

For  STARNET,  we  propose  coherent  heterodyne  detection,  with  external  optical  mod¬ 
ulation.  The  rationale  behind  these  choices  wiU  be  discussed  in  Section  11. 

4.1  The  Transmitter 

The  tr2msmitter  has  to  multiplex  two  independent  data  streams,  the  ‘C’  stream  and  the 
‘P’  streaun.  For  now,  we  consider  the  TDM  multiplexing  solution:  the  transmitter  devotes 


Kazovsky,  Poggiolini 


I 


part  of  the  time  to  ‘C’  data  and  part  of  the  time  to  ‘P’  data.  Other  multiplexing  solutions 
and  their  performance  will  be  addressed  in  Section  5. 

The  transmission  laser  is  kept  at  a  fixed  frequency  in  normal  operation. 

4.2  The  Tunable  ‘C’  Stream  Receiver 

The  tunable  ‘C’  stream  receiver  is  a  standard  heterodyne  receiver  with  a  tunable  Local 
Oscillator  (LO).  In  the  ‘C’  stream  TDM  frsime  only  two  ‘slots’  are  present,  the  ‘C’  slot 
and  the  ‘P’  slot.  Synchronization  to  the  desired  slot,  ‘C’  in  this  case,  can  be  achieved  by 
putting  a  unique  identifier^  at  the  start  of  the  slot.  The  length  of  both  the  ‘P’  and  ‘C' 
slots  is  fixed  and  the  slots  are  interleaved.  Since  the  identifier  can  be  as  short  as  a  few 
bits,  and  the  frame  length  can  be  several  thousand  bits,  the  overhead  is  negligible. 

The  receiver  laser  is  tunable  over  the  entire  frequency  comb.  Since  we  are  dealing  with 
the  ‘C’  links,  which  are  used  to  support  circuit-switched  broadband  traffic,  acceptable  tun¬ 
ing  speeds  could  be  on  the  order  of  milliseconds  or  even  tens  of  milliseconds.  This  makes 
it  easier  to  use  tunable  semiconductor  lasers,  in  spite  of  thermal  transients  and  mode 
hops.  A  successful  experiment  on  millisecond  laser  tuning  in  a  dense  WDM  environment 
is  described  in  [13].  The  relaxed  constraints  imposed  by  this  network  arramgement  could 
make  it  possible  to  use  direct  thermal  tuning  of  DFB  sources  as  well. 

Regarding  polarization  problems,  any  means  of  achieving  polarization  insensitivity  (i. 
e.  polarization  diversity,  polarization  scrambling  etc.)  is  compatible  with  our  network  (for 
a  comprehensive  review  of  these  methods  see  [14]). 

4.3  The  Fixed  Receiver 

The  fixed  receiver  is  permanently  timed  to  the  transmitter  of  the  previous  node  in  the 
frequency  comb. 

This  task  could  be  carried  out  by  another  independent  tunable  receiver,  which  would 
remain  permanently  locked  on  the  previous  node  carrier.  However,  it  is  possible  to  build 
the  additional  receiver  so  that  it  does  not  require  another  tunable  laser  and  at  the  S2une 
time  eases  frequency  stabilization  of  the  whole  comb  of  carriers,  as  follows. 

Part  of  the  transmitter  laser  light  is  tapped  out  before  it  enters  the  optical  modulator 
(Fig.  10)  and  is  used  as  LO  signal  for  the  fixed  receiver.  If  the  frequency  comb  of  channels 


^For  instance,  FDDI  makes  use  of  a  very  short  unique  identifier  to  mark  the  beginning  of  a  packet. 
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is  equispaced,  the  IF  spectrum  in  the  fixed  receiver  looks  as  shown  in  Fig.  11.  Both  the 
previous  and  the  following  channel  in  the  comb  are  present,  but  they  overlap  due  to  the 
heterodyning  process  and  information  cannot  be  recovered. 

To  solve  this  problem,  we  resort  to  a  new  carrier  allocation  strategy  [15]  shown  in  Fig. 
12b.  For  comparison,  the  conventional  equispaced  frequency  allocation  is  reported  in  Fig. 
12a.  The  channel  spacing  in  the  new  allocation  strategy  is  determined  as  follows.  First, 
the  minimum  electrical  spacing  at  the  heterodyne  receiver  IF  for  equispaced  channels,  |,  is 
determined.  This  corresponds  to  an  optical  spacing  equad  to  6.  Then,  carriers  «ire  grouped 
in  pairs  along  the  optical  comb.  The  optical  separation  between  the  channels  belonging 
to  the  same  pair  is  reduced  to  ^/2,  while  the  separation  between  different  pairs  is  kept 
at  the  value  6.  This  carrier  allocation  still  permits  heterodyne  reception  of  any  of  the 
channels  without  interference  [15],  and  therefore  does  not  adversely  affect  the  ’C’  stream 
interconnections  established  through  the  tunable  receivers. 

This  new  concept  was  originally  conceived  to  save  bandwidth:  the  theoretical  bemd- 
width  wasting  due  to  heterodyne  detection,  with  respect  to  homodyne  detection,  is  de¬ 
creased  by  at  least  50%  as  compared  to  the  equispaced  channel  arrangement. 

In  STARNET,  an  additional  effect  occurs:  at  IF,  in  the  fixed  receiver,  the  spectra 
of  the  previous  and  the  next  carrier  in  the  comb  are  now  separated,  although  the  IF  at 
which  they  are  located  can  be  either  one  of  two  values.  In  Fig.  13  we  show  the  new  signal 
spectrum  at  the  output  of  the  IF  stage  of  the  fixed  receiver. 

With  the  simpler  node  structure  BNCl,  only  one  of  the  two  chaimeb  is  demodulated. 
With  BNC2,  both  the  previous  node  signed  and  the  next  node  signal  are  demodulated, 
With  both  BNCl  and  BNC2,  the  receiver  controller  has  to  find  out  ‘which  is  which’ 
between  the  two  channels,  due  to  the  IF  location  ambiguity  shown  in  Fig.  13.  This 
identification  is  needed  at  the  network  set-up  time  only. 

Through  IF  filters,  the  desired  channel  is  isolated  and  sent  to  the  demodulator,  where 
the  ‘P’  TDM  frame  is  extracted.  ‘P’  stream  TDM  frame  synchronization  acquisition  is 
done  at  the  network  set-up  time.  Then,  maintaining  frame  synchronization  consists  of 
just  counting  a  number  of  bit  intervals.  As  a  result  TDM  frame  synchronization  is  easily 
maintained  as  long  as  regular  bit  clock  synchronization  is  not  lost. 

If  direct  modulation  of  the  transmitter  laser  were  used,  it  would  not  be  possible  to 
utilize  part  of  the  light  of  this  laser  for  heterodyning  at  the  fixed  receiver.  Therefore  the 
fixed  receiver  would  need  a  separate  LO  laser.  Also,  in  STARNET  direct  modulation  of  the 
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transmitter  laser  would  make  it  difficult  to  take  advantage  of  the  frequency  stabilization 
method  described  below. 


4.4  Frequency  Stabilization 

Like  any  coherent  receiver,  the  fixed  receiver  must  keep  its  LO  tuned  so  that  reception 
of  the  desired  channel  takes  place.  Since  the  LO  of  the  fixed  receiver  is  also  the  node 
tr2msmitter  laser,  the  frequency  control  operated  by  the  fixed  receiver  to  keep  its  LO 
locked  on  the  previous  node  carrier  also  provides  relative  frequency  stabilization  between 
the  two  nodes.  Since  this  is  done  by  all  the  nodes  in  the  comb,  each  node  is  frequency 
locked  to  the  previous  node  and  overall  network  frequency  stabilization  is  achieved. 

The  above  idea  needs  experimental  confirmation,  since  it  is  not  clear  what  the  effects 
of  propagation  of  random  frequency  fluctuations  along  the  comb  would  be. 

However,  a  recent  experiment  [16]  has  shown  that  semiconductor  lasers  exhibit  a  sur¬ 
prisingly  good  frequency  stability  once  their  temperature  is  tightly  stabilized.  This  conclu¬ 
sion  suggests  that  in  STARNET,  once  the  network  has  been  set  up,  tightly  temperature- 
controlled  lasers  might  need  only  a  very  slow  control,  or  even  just  occasional  adjustments, 
to  keep  them  at  their  nominal  frequencies.  If  this  is  the  case,  propagation  of  random 
frequency  fluctuations  along  the  chain  could  be  reduced  or  even  avoided.  Tuning  adjust¬ 
ments  could  be  triggered  or  controlled  by  the  network  protocol,  and  information  on  the 
overall  stability  of  the  comb  could  be  exchanged  through  the  packet  network. 

Finally,  the  first  node  in  the  comb  has  to  be  locked  to  an  absolute  reference.  This 
reference  needs  to  be  one  stable  spectrxd  line  only,  which  would  establish  the  ^origin  of 
the  frequency  comb. 

If  direct  modulation  of  the  transmitter  laser  were  used,  then  the  fixed  receiver  would 
have  to  use  a  separate  LO  laser.  The  above  frequency  stabilization  method  could  still  be 
used  indirectly  by  keeping  the  node  transmitter  laser  locked  onto  the  fixed  receiver  LO, 
but  at  the  cost  of  a  much  greater  complexity. 

4.5  Implementation  of  BNC2 

The  BNC2  transmitter  is  identical  to  the  BNCl  one,  except  for  the  fact  that  there  are 
three  TDM  data  streams  instead  of  two:  ‘C’,  ‘Pi*  and  ‘P2’.  The  ‘C’  stream  receiver  is 
identical.  The  fixed  receiver  extracts  the  ‘Pi’  stream  from  the  left  adjacent  node  and  the 
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‘P2’  stream  from  the  right  adjacent  node  in  the  optical  frequency  comb.  Both  are  visible 
at  IF  in  the  fixed  receiver  (Fig.  13).  Frequency  stabilization  is  again  done  with  respect  to 
the  previous  carrier  in  the  frequency  comb. 

BNC2  is  therefore  only  slightly  more  complex  than  BNCl.  As  shown  in  Section  3, 
BNC2  permits  a  greater  variety  of  packet  network  logical  topologies  and  therefore  a  wider 
compatibility  (above  the  physical  layer)  with  existing  standards,  which  makes  it  an  inter¬ 
esting  alternative  to  BNCl. 


5  Data  Stream  Multiplexing 

In  the  previous  section  we  assumed  that  TDM  was  used  to  multiplex  the  ‘C’  and  ‘P’ 
data  streams  on  the  same  carrier.  In  this  section  we  explore  and  compare  the  following 
alternative  solutions: 

•  TDM; 

•  combined  modulation  formats; 

•  subcarrier  multiplexing; 

•  multilevel  modulation. 

We  define  the  ‘power  penalty  due  to  multiplexing’  (A)  as  the  ratio  between  the  power 
needed  to  transmit  both  ‘C’  and  ‘P’  streams,  and  the  power  needed  to  transmit  the  ‘C’ 
stream  only,  at  the  saune  fixed  error  probability. 


5.1  Time  Division  Multiplexing 


When  TDM  is  used,  transmission  speed  has  to  be  increased  with  respect  to  transmission 
of  the  ‘C’  stream  alone  in  order  to  accomodate  the  ‘P’  stream.  As  a  result,  the  bit  duration 
is  decreased  and  so  is  the  energy  per  bit.  To  restore  the  level  of  energy  per  bit  that  was 
avaulable  with  the  ‘C’  stream  alone,  and  therefore  obtjun  the  same  error  probability,  extra 
power  is  needed,  and  the  multiplexing  power  penalty  is  (see  Appendix  A.2): 


A  =  lOlogio 


[bit  rate  of  ‘P’  stream) 
[bit  rate  of  ‘C’  stream] 


(1) 


A  plot  of  the  power  penalty  A  versus  the  bit  rate  ratio: 

speed  of  ‘C’  stream 
^  speed  of  ‘P’  stream 
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is  shown  in  Fig.  14.  The  perfonnance  of  TDM  is  the  best  among  all  the  solutions  con¬ 
sidered  here.  However,  a  negative  aspect  of  TDM  is  that  both  the  transmitter  and  the 
receivers  must  work  at  the  aggregate  speed  of  the  two  multiplexed  data  streams. 

5.2  Combined  Modulation 

Some  modulation  formats  can  be  utilized  simultaneously  on  the  same  carrier  and  detected 
independently.  For  instance,  low-modulation-index  ASK  can  be  used  simultaneously  with 
any  modulation  format  which  does  not  rely  on  transmission  power  variations  (PSK,  DPSK, 
FSK,  POLSK,  etc.). 

We  computed  the  performance  of  the  combined  modulation  approach  for  ASK  with 
heterodyne  PSK  and  DPSK.  In  both  cases  the  ASK  stream  is  extracted  by  squaring  the 
IF  signal  to  get  rid  of  the  phase  modulation.  IF  filtering  has  to  be  very  loose  to  ensure 
complete  cancellation  of  the  phase  modulation  in  the  squarer.  Instead,  post-detection 
filtering  is  tight.  The  ASK  modulation  depth  is  adjusted  so  that  the  error  probability  of 
ASK  and  the  companion  (D)PSK  stream  are  equal.  In  Fig,  14  the  power  penalty  A  with 
respect  to  transmission  of  (D)PSK  alone  is  plotted  versus  the  speed  ratio: 

p  =  (bit  rate  (D)PSKj/[bit  rate  ASK]  (3) 

The  derivation  is  given  in  Appendix  A.l.  Assuming  then  that  the  T’  streemi  is  ASK  en¬ 
coded  and  the  stream  is  PSK  encoded,  both  A  and  p  are  consistent  with  those  defined 
in  (1)  and  (2)  for  TDM,  so  that  the  curves  shown  in  Fig.  14  are  directly  comparable. 

The  penalty  of  combined  modulation  is  considerably  higher  than  that  of  TDM.  For 
p  <  5  it  is  about  6  dB.  This  solution  is  therefore  more  attractive  if  the  speeds  of  the  ‘P’ 
and  'C'  links  are  substantially  different:  for  p>20  the  penalty  is  less  than  3dB. 

The  advantage  of  combined  modulation  with  respect  to  TDM  is  that  combined  modu¬ 
lation  does  not  need  ‘P’  and  *€’  stream  buffering  and  synchronization  at  the  transmitter, 
and  time-demultiplexing  at  the  receivers.  Also,  ‘C’  and  ‘P’  stream  transmission  speeds 
do  not  add  up. 

Both  phase  and  amplitude  modulation  can  be  performed  by  means  of  commercially 
available  multiport  single  LiNbOs  modulators.  Therefore  no  additional  light  power  loss 
due  to  the  use  of  two  cascaded  modulators  occurs. 

Combined  modulation  is  well  suited  for  BNCl,  since  only  one  ‘P’  stream  is  to  be 
supported.  With  BNC2,  two  ‘P’  streams  are  present  and  an  additional  multiplexing 
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strategy  must  be  used  to  accomodate  both. 

5.3  Subcarrier  Multiplexing 

This  technique  has  been  extensively  studied  for  television  distribution  networks.  It  has 
also  been  proposed  for  some  BOLAN  solutions  [11].  Its  feasibility  has  been  proved  in 
several  experiments  [21]. 

With  subcarrier  multiplexing,  the  multiplexed  streams  share  the  channel  amplitude 
rather  than  the  channel  power^,  which  lea  to  higher  penalties  than  with  TDM.  The 
multiplexing  power  penalty  A  due  to  subcar  r  multiplexing  of  the  ‘P’  and  ‘C’  stream  is 
shown  in  Fig.  14  as  a  function  of  the  bit  rat  ratio  p  defined  by  (2).  The  derivations  are 
shown  in  Appendix  A. 3. 

Subcarrier  multiplexing  performs  better  than  combined  modulation  but  it  has  the 
unwelcome  effect  of  greatly  increasing  the  optical  channel  bandwidth.  This  effect  is  detri¬ 
mental  because  the  IF  bandwidth  of  the  recovers  has  to  be  increased  as  well.  This  is 
particularly  harmful  for  the  fixed  receiver  that  always  has  to  ‘see’  both  adjacent  nodes 
in  its  IF.  As  a  result,  the  values  of  the  two  channels  IF  frequencies  arc  likely  to  become 
extremely  high. 

Also,  the  spectrum  of  the  transmitted  SCM  node  signal  becomes  complicated  because 
the  spectrum  of  at  least  one  of  the  two  multiplexed  streams  is  duplicated,  i.e.  at  the 
receiver  it  appears  to  the  left  and  to  the  right  of  the  IF  frequency  of  the  ch^mnel.  This 
is  likely  to  make  channel  tuning  and  frequency  stabilization  more  difficult.  Thus,  both 
TDM  and  combined  modulation  seem  to  be  a  better  choice. 

However,  subcarrier  multiplexing  could  be  useful  in  conjtmction  with  combined  mod¬ 
ulation  to  multiplex  two  ‘P*  streams  for  the  BNC2  configuration.  The  two  ‘P’  streams 
can  be  first  AM  electrically  subcarrier  multiplexed.  Then  the  resulting  signal  is  fed  into 
the  AM  port  of  the  LiNbOs  modulator,  while  the  ‘C’  (D)PSK  stream  goes  into  the  phase 
modulation  port. 

^If  the  Qumber  of  streams  is  very  high,  one  can  rely  on  the  fact  that  not  all  of  them  are  ‘high’  or  ‘low’ 
at  the  same  time  and  it  can  be  thought  that  the  needed  pomr  (not  the  amplitude)  grows  linearly  with 
the  number  of  streams.  This  is  not  the  case,  however,  when  the  number  of  streams  is  only  two  or  three. 
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5.4  Multilevel  Transmission 

In  a  multilevel  transmission  system,  each  transmitted  symbol  carries  more  than  one  in¬ 
formation  bit.  If  each  symbol  carries  n  bits,  n  —  k  oi  these  bits  can  be  devoted  to  the  ‘C’ 
link,  and  k  of  them  to  the  ‘P’  link.  This  way,  neither  TDM  multiplexing-demultiplexing 
circuitry,  nor  special  combined-format  modulators  are  needed.  Also,  multilevel  transmis¬ 
sion  can  be  beneficial  in  a  WDM  network  environment  where  bandwidth  is  the  limiting 
factor  for  the  maximum  number  of  nodes  (see  next  section). 

On  the  other  hand,  coherent  multilevel  optical  transmission,  although  theoretically 
feasible  (  using  FSK,  PSK,  QAM  or  POLSK  [22]),  is  complicated  and  needs  experimental 
investigation. 

6  Performance  of  the  Circuit  Interconnect 

Fig.  15  shows  the  maximum  number  of  nodes  as  a  function  of  the  ‘C’  link  bit  rate.  The 
calculations  aire  reported  in  Appendix  B.  The  following  assumptions  were  made  in  the 
analysis: 

•  The  passive  star  consists  of  two-by-iwo  couplers  with  an  excess  loss  of  0.5  dB  per 
coupler.  The  number  of  stages  that  each  signal  traverses  is  log(iV)  where  N  is  the  total 
number  of  nodes.  The  power  splitting  factor  for  each  signal  is  1/iV. 

•  The  transmission  format  is  DPSK  with  the  ideal  sensitivity  of  21  photons  per  bit. 

•  The  presence  of  two  receivers  in  the  node  causes  a  3  dB  splitting  loss.  No  penalty 
due  to  the  multiplexing  of  the  ‘P’  stream  is  accounted  for,  since  different  solutions  lead  to 
substantially  different  performances.  The  reader  can  easily  scale  the  power  budget  results 
shown  here  on  the  basis  of  the  penalties  shown  in  Fig.  14. 

•  A  system  margin  of  13  dB  is  imposed. 

•  The  electrical  channel  spacing  is  set  at  three  times  the  bit  rate.  The  non-equispaced 
channel  allocation  is  assumed  (Fig.  12b)  resulting  in  an  optical  channel  spacing  of  4.5 
times  the  bit  rate. 

•  The  maximum  available  bandwidth  is  considered  to  be  the  width  of  the  1550  nm 
window,  approximately  20  Thz. 

•  A  value  of  10  nm  is  used  for  the  maximum  tunability  range  of  the  lasers*. 

breakthrough  result  of  57  nm  hasjuat  beeo  announced  [25].  However,  since  very  little  is  known  so 
far  on  the  characteristics  and  reproducibility  of  the  new  component,  we  choose  the  safer  assumption  of 
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•  Power  loss  in  the  fiber  is  considered  to  be  part  of  the  ‘system  margin’. 

Fig.  15  shows  that  the  1550  nm  window  bandwidth  limit  is  above  the  power  budget 
limit.  However,  if  a  7  dB  system  margin,  instead  of  13  dB,  were  chosen,  the  power  budget 
curve  would  lie  completely  above  the  bandwidth  limit.  The  limit  due  to  the  laser  tunability 
range  is  stricter  than  both  the  power  budget  and  the  1550  nm  window  bandwidth  limit: 
at  1  Gbit/s  per  node,  the  maximum  number  of  nodes  that  it  allows  is  275. 

An  interesting  result  is  that  in  this  environment  optical  bandwidth  cannot  be  consid¬ 
ered  an  unlimited  resource  and  there  is  a  definite  advantage  in  using  bandwidth-efficient 
transmission  schemes. 

7  Packet  Network 

Fig.  16  shows  the  total  mean  packet  transmission  delay  as  a  function  of  the  offered  traffic, 
including  both  propagation  and  queueing  delays,  for  the  single-ring  logical  topology  with 
100  and  1000  nodes.  The  following  assumptions  were  made: 

•  The  network  is  a  token  ring,  working  according  to  the  exhaustive  service  discipline. 

•  Queues  have  unlimited  length. 

•  Transmission  speed  is  100  Mbit/s. 

•  The  packet  length  distribution  is  exponential,  with  a  mean  value  of  2000  bits.  The 
token  packet  has  length  200  bits. 

•  The  node  geographical  distribution  is  uniform  over  an  area  of  6  km  in  diameter, 
having  the  star  at  its  center. 

•  Traffic  is  symmetric  (each  station  generates  the  same  traffic). 

The  curve  was  calculated  using  the  analytical  results  of  [26]. 

Fig.  16  shows  that  the  total  maximum  throughput  (i.e.  the  capacity)  coincides  with 
the  line  rate  (100  Mbit/s),  although  for  loads  nearing  the  line  rate  the  expected  delay 
increases  substantially.  When  the  network  is  lightly  loaded,  the  total  mean  delay  is 
propagation-dominated.  It  amounts  to  about  2  ms  for  a  hundred  nodes  and  about  20  ms 
for  a  thousand  nodes.  For  a  load  of  80%  of  the  maximum  throughput,  these  figmes  grow 
by  a  factor  of  five  and  become  queueing-delay  dominated.  These  numbers  show  that  with 
this  topology  it  is  possible  to  achieve  throughputs  fairly  close  to  the  maximum  with  total 
delays  on  the  order  of  4-5  times  the  propagation  delays. 


10  nm  tunability  range. 
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With  a  thousand  nodes,  the  maximum  theoretical  per-node  capacity  is  100  Kbit/s, 
while  it  is  1  Mbit/s  for  100  nodes. 

This  topology,  as  reflected  by  the  results  of  Fig.  16,  offers  a  per-node  capacity  which  is 
inversely  proportional  to  the  number  of  nodes  and  shows  a  linear  growth  of  propagation 
delay  with  the  number  of  nodes.  By  increasing  transmission  speed,  it  is  possible  to  linearly 
push  the  capacity  limit  further  away.  However,  this  does  not  help  to  fight  the  packet  delav 
floor  due  to  propagation  delays.  Propagation  delays  may  be  of  concern  in  STARNET, 
since  due  to  its  physical  architecture  the  physical  path  between  any  two  nodes  has  to 
go  through  the  center  star,  irrespectively  of  how  close  the  nodes  are  located.  This  may 
induce  higher  propagation  delays  as  compared  to  networks  where  both  the  logical  and  the 
physical  topology  is  a  ring,  and  each  node  is  linked  to  the  following  through  the  shortest 
possible  path*. 

If  the  dual  bus  conflguration  is  chosen  (see  Section  3)  instead  of  the  single  ring,  the  per¬ 
formance  is  slightly  different  but  the  above  general  behavior  of  capacity  and  the  presence 
of  the  propagation  delay  floor  are  unchanged. 

Therefore,  as  a  whole,  the  packet  network  of  STARNET  has  a  potential  similar  to 
today’s  commercial  state-of-the-art  optical  networks,  like  FDDI,  DQDB  and  CRMA.  This 
can  be  already  regarded  as  a  satisfactory  result,  since  the  main  data  transport  facility  of 
STARNET  consists  of  the  circuit  interconnect.  However,  as  mentioned,  the  performance 
of  the  packet  network  degrades  very  fast  with  the  number  of  nodes  and  could  worsen  to 
the  point  of  becoming  unacceptable  even  for  the  exchange  of  relatively  low-speed  data.  In 
STARNET  a  poor  performance  could  also  impair  the  circuit-interconnect  signaling  and 
network-management  functions  that  are  supported  by  the  packet  network  and  that  are 
vital  for  its  operation. 

In  the  next  section  we  discuss  some  alternative  logical  topologies  for  the  packet  network 
that  substantially  improve  its  performjuice  with  little  added  complexity. 

^However,  in  most  cases  people  do  not  connect  nodes  through  the  shortest  path,  even  when  this  would 
be  permitted  by  the  network  physical  topology.  In  most  FDDI  installations  all  the  cables  converge  to  a 
concentrator  in  a  star-like  fashion.  Therefore  the  above  drawback  of  STARNET  physical  topology  may 
be  more  theoretical  than  actual. 


Kazovsky,  Poggioliai 


16 


8  Enhanced  topologies 

In  Section  3  we  introduced  the  basic  packet  network  topologies.  Here  we  explore  some 
enhanced  solutions,  still  based  on  the  basic  node  configurations  BNCl  and  BNC2. 


8.1  Description 

On  the  same  physical  star  we  allocate  M  independent  packet  networks  so  that  they  are 
contiguous  in  the  optical  frequency  domain  (Fig.  17).  Their  logical  topology  can  be  any  of 
the  ones  presented  in  Section  3.  We  call  them  subnetworks.  Any  node  can  still  connect  to 
any  other  by  meains  of  the  high  speed  links,  even  if  they  belong  to  different  subnetworks, 
since  the  circuit  interconnect  is  not  affected  by  the  packet  network  segmentation. 

One  node  per  subnetwork  serves  as  a  bridging  node.  The  bridging  node  is  connected 
to  its  subnetwork  by  means  of  its  ‘P’  stream  and  its  fixed  receiver.  To  make  the  different 
packet  subnetworks  talk  to  each  other,  the  bridging  nodes  also  establish  connections 
among  themselves  by  means  of  their  tunable  receiver  and  of  the  ‘C’  link. 

An  example  of  the  logical  topology  that  can  be  imol-mented  this  way  is  shown  in  Fig. 
18.  The  packet  subnetworks  are  rings  and  the  bat’ibone  is  a  ring  too.  The  bridging  nodes 
are  shown  as  Bj,  with  j  ranging  from  ..  to  Af. 

The  nodes  of  a  subnetwork  send  to  the  bridging  node  all  the  packets  whose  destination 
is  outside  the  subnetwork.  The  bridging  node  reads  these  packets  and  queues  them  onto 
the  backbone  ring.  The  bridging  node  of  the  destination  subnetwork  takes  care  of  reading 
the  packets  and  queueing  them  into  its  subnetwork  ‘P’  stream. 

A  remarkable  point  is  that  the  backbone  network  could  be  implemented  at  a  speed 
different  from  that  of  the  subnetworks,  being  based  on  the  use  of  part  or  all  of  the 
capacity  of  the  ‘C’  link.  In  particular,  it  could  be  faster  than  the  subnetworks,  enabling 
heavy  inter-subnetwork  traffic  to  be  exchanged  without  saturating  the  backbone. 

8.2  Performance 

We  define  three  quantities: 

•  N:  total  number  of  nodes  in  the  network; 

•  M :  number  of  subnetworks  into  which  the  packet  network  is  split  (each  subnetwork 
contains  N/M  nodes); 
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•  a:  fraction  of  traffic  generated  by  a  subnetwork  whose  destination  is  outside  the 
subnetwork:  a  =  0.1  means  that  10%  of  the  subnetwork  tredfic  is  sent  to  nodes  that 
belong  to  other  subnetworks. 

Assuming  first  that  the  backbone  network  has  unlimited  capacity,  the  total  maximum 
throughput®  of  the  packet  network  is  given  by: 

Ttot  =  “  ~  C’jn  M  (4) 

1  i-  a 

where  is  the  capacity  (assumed  equal)  of  each  subnetwork  and  a  is  an  effective  pa- 
r<imeter  related  to  the  individual  or’s  of  the  subnetworks  as  described  in  Appendix  C.l.  If 
eill  subnetworks  have  the  same  os,  then  a  =  a. 

According  to  (4),  the  total  throughput  is  bound  by  two  values.  When  a  =  0  for  all 
subnetworks,  each  subnetwork  produces  only  traffic  that  stays  within  that  subnetwork. 
Therefore,  the  whole  network  behaves  like  a  set  of  disconnected  entities  ztnd  the  total 
throughput  is  the  sum  of  the  throughputs  of  the  individual  subnetworks:  Ttot  =  C’sn 
This  is  the  ma^mum  achievable  value.  At  the  other  extreme,  when  a  =  1  for  eill  subnet¬ 
works,  i.e.  all  the  traffic  of  each  subnetwork  has  to  be  sent  elsewhere,  the  total  throughput 
is  i  of  the  above,  which  corresponds  to  the  minimum  value. 

These  resffits  show  that  total  throughput  can  be  ideally  increased  at  will  by  segmenting 
the  network  more  and  more.  The  potential  increase  is  at  least  proportional  to  jM. 

However,  the  actual  backbone  capacity  Qac*  is  not  unlimited,  and  (4)  holds  true  only 
as  long  as  the  backbone  is  not  saturated.  The  tr2tffic  that  has  to  be  processed  by  the 
backbone  is: 

Tt.d.  =  -r^C„M  (5) 

which  shows  that  when  a  =  1  the  capacity  that  the  backbone  has  to  have  is  Cbcck  ^ 
Thack  =  ^  Cm  M,  which  is  also  equal  to  the  total  network  throughput  in  that  condition 
and  hence  possibly  very  high.  However  (5)  also  shows  that  the  required  Cjoc*  ronsiderably 
decreases  as  a  decreases.  Hence,  having  a  low  a  permits  to  obtain  the  total  throughput 
promised  by  (4)  with  a  much  lower  than  worst-case  Cjac*- 

The  chance  that  d  is  substantially  low  relies  on  the  circumstance  that  the  network 
can  be  segmented  into  islands  of  heavy  traffic  which  talk  relatively  little  to  one  another. 

®In  the  following  we  will  refer  to  the  ‘total  maxiniuin  throughput’  Ttot  dropping  the  ‘maximum’ 
qualifier,  so  that  it  will  be  ‘total  throughput’.  This  is  because  we  are  going  to  discuss  the  martmsm  value 
and  the  maximization  of  Ttot  with  respect  to  various  parameters:  the  denomination  ‘maximum  of  the 
total  maximum  throughput’  might  sound  confusing. 
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These  islands  can  consist  for  instance  of  a  mainframe  and  all  its  terminals,  or  a  cluster  of 
workstations  with  its  servers.  This  concept  is  similar  to  that  of  bridging  and  is  extensively 
used  for  example  in  Ethernet  networks.  In  STARNET,  groups  of  heavily  interconnected 
users  can  be  placed  in  the  same  subnetwork  simply  by  assigning  suitable  frequencies  to 
their  transmitters.  Subnetworks  do  not  need  to  have  the  same  size. 


8.3  Total  Throughput  Maximization 

To  maximize  the  total  throughput,  it  appears  from  expression  (4)  that  the  network  ought 
to  be  segmented  as  much  as  possible,  to  increase  M.  Further  and  further  network  seg¬ 
mentation,  however,  would  finally  cause  a  sharp  increase  in  d,  which  occurs  when  the  size 
of  the  subnetworks  becomes  so  small  that  they  are  not  capable  of  containing  a  full  traffic 
islzmd  anymore.  For  instance,  if  a  mainframe  has  sixty  terminals  and  the  subnetwork  size 
shrinks  to  thirty  nodes,  then  thirty  terminals  will  be  in  a  different  subnetwork  from  the 
mainframe  and  substantial  inter-subnetwork  traffic  would  have  to  be  supported. 

Even  so,  expression  (4)  indicates  that  increasing  M  could  overcome  the  penalty  due 
to  the  increase  in  d.  However,  expression  (5)  tells  us  that  if  we  do  not  keep  d  low, 
the  backbone  throughput  would  soar  to  very  high  values  and  could  possibly  exceed  the 
backbone  capacity 

The  problem  of  finding  the  best  values  of  M,  d,  and  Chaek  is  difficult  to  solve  analitically 
because  it  depends  on  parameters  like  the  cost  of  increasing  Cjoc*  or  the  dependence  of 
d  on  M  which  are  diflBcult  to  characterize.  However,  if  the  subnetwork  amd  backbone 
capacities  are  fixed  a  priori,  then  an  optimization  rule  can  be  found,  based  only  on 
the  reasonable  assumption  that  d  is  a  monotonrcally  increasing  function  of  the  network 
segmentation^  M. 

In  Fig.  19  we  show  a  plot  of  network  total  throughput  for  a  backbone  capacity  of 
500  Mbit/s  and  a  subnetwork  capacity  of  100  Mbit/s,  versus  d  and  M.  For  low  values 
of  d  the  curve  shows  a  linear  increase  of  the  total  throughput  with  respect  to  M,  which 
corresponds  to  the  behaviour  predicted  by  (4).  For  higher  values  of  d  the  offered  traffic 
for  the  backbone  network  increases  according  to  expression  (5)  and  it  may  eventually 
saturate  the  backbone.  Backbone  saturation  causes  the  apparent  levelling  in  the  plot  of 
Fig.  19,  i.e.  a  flat  region  where  the  total  throughput  cannot  increase  with  M  because  the 

^More  precisely,  it  is  adso  necessary  to  assume  that  a  does  not  grow  ‘too  rapidly’  when  M  is  increased. 
This  constraint  is  discussed  in  Appendix  C.2  and  appears  to  be  easily  satisfied  in  a  realistic  environment. 
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backbone  network  is  saturated.  A  clearly  visible  slope  discontinuity  on  the  plotted  surface 
coincides  with  the  boundary  of  the  backbone  saturation  region. 

It  can  be  shown  (Appendix  C.2)  that  the  highest  possible  total  throughput  is  achieved 
precisely  along  that  slope  discontinuity.  The  corresponding  optimal  relationship  between 
M  and  d  is: 

M=(l  +  ^)Ctack/C,n  (6) 

A  plot  of  the  best  Af  versus  d  for  the  example  of  Fig.  19  is  shown  in  Fig.  20. 

The  relationship  (6)  can  be  regarded  as  a  target  for  the  optimization  of  an  actual 
network:  the  network  segmentation  M  should  be  increased  as  long  as  this  brings  a  closer 
to  the  optimal  value  given  by  (6). 

To  give  a  feeling  of  the  performance  improvement  matde  possible  by  the  segmented 
topology,  we  consider  a  1000  node  packet  network  having  the  characteristics  specified  in 
Section  7  for  the  single-ring  network.  We  segment  it  into  a  ring-of-subring  network  like 
the  one  shown  in  Fig.  18.  We  assume  that  the  throughput  maximization  process  described 
above  yields  M  =  30  (thirty  subrings)  and  d  equal  to  0.2.  Assuming  a  backbone  capacity 
of  500  Mbit/s  and  subring  capacity  of  100  Mbit/s,  the  total  throughput  is  2.8  Gbit/s, 
as  opposed  to  the  100  Mbit/s  of  the  unsegmented  network.  Delays  show  a  remarkable 
improvement  too.  We  computed  the  mean  total  delay  of  the  segmented  solution  and 
compared  it  to  the  single-ring  solution  (Fig.  21).  The  calculations  were  carried  out  based 
on  the  analytical  results  reported  in  [27].  The  plot  shows  that  mean  total  delay  is  greatly 
reduced  with  respect  to  the  single-ring  solution. 

8.4  Alternative  solutions  for  the  backbone  network 

The  bridging  nodes  are  essentially  network-dedicated  nodes.  Instead  of  disseminating 
them  throughout  the  geographical  extension  of  the  LAN,  they  could  be  gathered  and 
sheltered  at  the  same  location,  in  order  to  improve  their  safety  and  simplify  their  main¬ 
tenance. 

Once  the  bridging  nodes  are  put  together,  it  becomes  superfluous  to  connect  them 
throusrh  the  star.  A  more  cost-effective  solution  may  be  that  of  hooking  them  up  to  one 
another  with  point-to-point  links.  But  possibly  the  best  way  to  exploit  the  co-location  of 
the  bridging  nodes  is  that  of  connecting  them  through  an  ATM  switch.  ATM  switches 
with  total  throughputs  on  the  order  of  several  Gbit/s  are  currently  being  built  in  research 
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labs  and  are  expected  to  be  commercially  available  soon. 

Using  subnetworks  with  600  Mb/s  capacity  (like  for  instance  the  DQDB  top  standard), 
assuming  a  backbone  based  on  an  ATM  switch  with  4.5  Gbit/s  throughput  (30  inputs  at 
150  Mbit/s  each),  and  otherwise  using  the  parameters  of  the  previous  examples,  the  total 
throughput  of  the  segmented  packet  network  grows  to  15  Gbit/s  (with  a  backbone  load 
of  3.6  Gbit/s),  which  would  make  it  an  extremely  powerful  data  transport  facility. 

Concentrating  the  bridging  nodes  would  not  harm  reliability.  On  the  contrary,  failure 
of  one  or  more  of  the  bridging  nodes  would  result  in  just  the  merging  of  the  subnetworks 
of  the  failed  nodes  with  other  subnetworks.  If  all  the  bridging  nodes  fauled  together,  the 
STARNET  packet  network  would  always  have  the  capability  to  survive  in  a  single-ring 
configuration,  or  set-up  a  ring  of  subrings  using  the  standard  nodes  present  in  the  network. 


9  High  speed  packet  traffic 

The  solutions  described  so  far  are  suitable  for  traffic  which  is  either  packetizable  at  low- 
to-medium  speed,  or  coaveyable  at  very  high  speed  through  circuit  connections  with 
relatively  slow  set-up  time. 

This  scenario  leaves  out  broadband  packet  traffic  which  requires  that  several  nodes  be 
able  to  exchange  packets  at  sustained  rates  of  several  hundred  Mbit/s  per  nodt^.  This 
speed  is  too  high  for  the  lower-speed  packet  network.  As  for  the  circuit  interconnect,  its 
interconnection  speed  is  inadequate  to  support  the  set-up  and  tearing-down  of  a  high¬ 
speed  link  each  time  a  packet  has  to  be  transmitted. 

In  the  following  we  show  that  STARNET  has  the  potential  to  accomodate  broadband 
packet  traffic  too,  by  exploiting  the  high  speed  links  in  a  different  fashion. 

9.1  High  speed  packet  rings 

.An  arbitrary  subset  of  STARNET  nodes  can  form  a  logical  ring  through  the  node  ‘C’ 
links  and  the  timable  receivers.  A  packet  network  can  then  be  established  on  it,  up  to 
the  full  speed  of  the  ‘C’  link. 

This  simple  solution  is  very  attractive  for  broadband  packet  exchange  only  if  the 
number  of  nodes  involved  is  small,  since  the  per-node  bandwidth  is  inversely  proportional 


*The  HIPPI  interface,  for  instance,  is  designed  to  handle  fully  packetised  traffic  at  800  Mbit/s. 
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to  the  number  of  nodes  on  the  ring.  Delays  would  be  very  low  too,  if  the  number  of  nodes 
to  be  traversed  is  low.  More  than  one  of  these  rings  could  exist  in  STARNET  at  the 
same  time,  since  they  would  not  interfere  with  each  other  or  with  the  low-speed  packet 
network. 

However,  if  the  number  of  nodes  on  the  ring  exceeds  6-8,  then  it  is  likely  that  per-node 
capacity  becomes  too  low,  and  more  sophisticated  solutions  are  necessary. 

9.2  Multihop  subnetworks 

Many  recent  proposals  advocate  the  use  of  multihop  logical  topologies  for  optical  networks 
(for  instance  perfect  shuffles  [18,  19],  the  Manhattan  Street  Topology  [16,  17]  or  general 
multihop  adaptive  topologies  [9]).  These  networks  are  thought  to  cover  effectively  the 
very  high  speed  packet  traffic  segment  for  a  high  number  of  nodes. 

Multihop  topologies  require  that  each  node  have  m  outgoing  and  m  incoming  high¬ 
speed  data  links,  where  m  is  called  the  ‘order’  of  the  multihop  topology.  In  the  following 
we  will  show  that  in  STARNET  it  is  possible  to  implement  multihop  packet  networks  of 
order  two  without  altering  the  basic  node  configurations  (BNCl  or  BNC2). 

The  picture  of  the  logical  connectivity  that  we  want  to  attain  for  a  STARNET  multihop 
node  is  shown  in  Fig.  22.  Transmission  of  the  two  independent  outgoing  high  speed  data 
streams  is  obtained  by  just  labelling  the  outgoing  packets  differently,  according  to  which 
one  of  the  two  target  nodes  they  are  meant  for.  Then,  all  the  packets  are  queued  together 
on  the  (single)  ‘C’  stream  of  the  node.  The  two  target  nodes  are  tuned  simultaneously  to 
this  ‘C’  stream  and  upon  reception  of  a  packet  they  accept  it  or  drop  it  according  to  its 
label. 

Each  node  has  to  support  two  incoming  streams,  but  owns  just  one  tunable  receiver. 
The  fixed  receiver  can  be  used  to  make  up  for  the  lack  of  a  second  tunable  receiver. 
The  only  requirement  is  that  the  nodes  hooked  up  in  the  multihop  network  are  put 
contiguously  in  the  optical  frequency  domain.  Then,  fixed  receivers,  besides  extracting 
low- speed  packet  information,  also  extr2w:t  the  broadband  packet  information  from  one  of 
the  two  adjacent  nodes. 

The  fact  that  the  fixed  receiver  can  only  receive  the  adjacent  nodes  in  the  frequency 
comb  poses  no  limitations  on  the  topology  of  the  multihop  network.  Any  fully-connected 
multihop  topology  contains  a  path,  called  Hamiltonian  path,  that  connects  all  the  nodes 
and  in  which  every  node  appears  only  once.  In  other  words,  these  topologies  contain  a 
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ring  that  links  all  the  nodes  of  the  multihop  network.  Since  the  Hamiltonian  path  is  a 
ring,  it  can  be  implemented  with  the  fixed  receivers,  in  a  fashion  similar  to  the  low  speed 
packet  network  of  Fig.  7. 

The  ^em^uning  links,  necessary  to  complete  the  multihop  topology,  may  follow  more 
complicated  patterns.  However,  since  they  utilize  the  tunable  receivers,  any  connection 
pattern  can  be  arranged.  .\3  a  result,  any  order-two  fully-connected  multihop  topology, 
like  for  example  bi-dimensional  Manhattan  Street  networks  or  order-two  ShuffleNets,  can 
be  set  up  in  STARNET. 

To  illustrate  the  concept,  in  Fig.  23  we  show  the  case  of  a  16-node  Manhattan  Street 
network,  which  breaks  down  into  four  rings.  The  four  rings  are  shown  separated  in  Fig. 
24.  A  similar  topological  decomposition  of  ShuffleNets  is  discussed  in  [20]. 

One  node,  and  only  one  in  the  whole  multihop  network,  needs  to  have  two  tunable 
receivers  in  order  to  close  the  Hamiltonian  ring.  This  can  be  easily  arranged  but,  as  an 
aJtemative,  a  user  can  be  given  two  standard  nodes  that,  being  at  the  same  location,  can 
be  connected  directly  without  going  through  the  star. 

For  all  but  this  one  node,  no  additional  optics  is  required  with  respect  to  BNCl  or 
BNC2  (that  need  just  two  lasers),  making  this  solution  very  appealing.  Also,  topologies 
are  easily  reconfigmable  and  optimizable  by  re- tuning  the  tunable  receivers  or  by  changing 
the  node  order  along  the  frequency  comb.  More  than  one  independent  multihop  network 
can  coexist  in  STARNET,  without  interfering  with  one  another. 

A  higher  order  generic  multihop  network  can  be  implemented  among  STARNET  users 
if  they  own  two  (or  more)  elementary  nodes.  Each  user  would  then  have  two  (or  more) 
high  speed  transmitters  and  two  (or  more)  high  speed  tunable  and  fixed  receivers. 

9.2.1  Comparison  with  other  multihop  arrangements 

The  difference  between  implementing  a  broadband  packet  network  and  implementing  a 
broadband  packet  network  in  STARNET  is  that  in  STARNET  multihop  users  still  have 
access  to  the  low-speed  packet  network  and  therefore  keep  in  touch  with  all  the  other 
(non- multihop)  STARNET  nodes.  Thus,  besides  data,  also  control  and  management 
information  can  be  exchanged  among  all  the  nodes. 

STARNET  multi- logical- network  solution  is  attractive  because,  most  likely,  not  all  the 
nodes  in  the  network  need  to  have  broadband  packet  tr2uismission  capabilities.  Only  the 
ones  that  really  need  it  have  to  be  equipped  with  upgraded  electronics,  thus  increasing 
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cost-efFectiveness. 


10  Broadcasting  and  video-conferencing 

The  easy  exchange  of  control  information  through  the  low-speed  packet  network  effectively 
enhances  the  potential  of  the  circuit  interconnect. 

High  speed  broadcast  transmission  is  set-up  by  sending  a  (broadcast)  packet  announc¬ 
ing  it  through  the  packet  network.  Any  node  can  tune  independently  to  the  broadcaisting 
node. 

Videoconferencing  is  seen  as  one  of  the  most  attractive  facilities  for  a  future  network 
to  provide.  Several  manufacturers  are  already  testing  videoconferencing  products®. 

Video  conferencing  can  be  handled  through  the  packet  network  and  the  use  of  broad¬ 
casting  for  a  low-speed  compressed  video  format  (w  2Mb/s  per  video  signal).  In  this 
picture  one  node  is  the  broadcast  node.  At  the  meeting  set  up,  cdl  the  other  participants 
are  requested  to  tune  to  the  broadcast  node  high  speed  link.  A  series  of  virtual  circuits  is 
also  airranged  on  the  packet  network,  linking  each  participant's  terminal  to  the  broadcast 
node.  This  node  picks  up  all  the  data  of  these  virtual  circuits  and  TDM- multiplexes  it 
onto  its  ‘C’  data  stream,  which  is  broadcast.  Each  node  receives  this  flow  of  information 
that  contains  all  the  video  signals  in  a  TDM-raultiplexed  fashion,  and  displays  them  to 
the  meeting  attendee. 

The  above  solution  may  turn  out  to  be  inadequate  if  either  the  packet  network  is 
not  capable  of  supporting  enough  users,  or  if  low-compressed  or  HDTV  video  quality  is 
desired.  In  this  case,  another  arrangement  is  possible,  which  completely  relies  on  the 
high-speed  links  (except  for  control  information). 

The  nodes  involved  in  the  meeting  form  a  logical  ring  using  their  high  speed  links. 
Each  node  is  assigned  a  TDM  slot  and  retransmits  what  it  receives.  It  takes  out  its  own 
old  data  and  puts  new  one  in  its  time  slot.  Synchronization  is  established  by  the  flow  of 
the  different  TDM  frames. 

As  a  result,  at  each  node  the  complete  visibility  of  all  the  video  signals  is  achieved  and 
no  overhead  is  borne  by  the  packet  network.  The  connection  limit  is  set  by  the  capacity 
of  the  high  speed  link. 

*For  instance  DEC  already  has  multimedia  software  that  runs  on  X-window/X-media  which  fully 
implements  video-conferencing  for  up  to  eight  simultaneous  participants. 
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Compressed  HDTV  haa  recently  been  proved  feasible  at  20  Mbit/s.  With  reasonable 
treinsmission  speeds  (1  Gbit/s)  as  many  as  50  attendees  per  video- conference  can  be 
multiplexed.  For  stemdard  (non-HDTV)  compressed  video  the  number  grows  to  over  200. 

These  figures  apply  to  the  number  of  active  attendees.  The  number  of  spectators  is 
unlimited  since  every  node  in  the  network  can  tune  to  an  active  node  and  pick  up  the 
conference  signal.  Also,  there  is  no  limit  to  the  number  of  simultaneous  video- conferences, 
since  they  do  not  interfere  with  one  another. 

11  Why  Coherent  Detection? 

STARNET  is  based  on  coherent  transmission.  In  this  section  we  comment  on  this  choice. 

Most  of  the  novel  solutions  employed  in  STARNET  rely  on  coherent  detection:  the  use 
of  the  transm.  cer  laser  as  LO  of  the  fixed  receiver;  the  consequent  visibility  of  the  neigh¬ 
boring  channels  in  the  frequency  comb,  which  allows  the  implementation  of  the  packet 
network;  the  frequency  stabilization  method  and  data  multiplexing  through  combined 
modulation.  All  of  these  could  not  be  obtained  with  direct  detection. 

Nevertheless,  none  of  the  above  implementation  solutions  is  absolutely  essential  to  the 
realization  of  a  WDM  network.  The  same  functions  could  be  implemented  differently, 
without  coherent  technology.  In  general,  it  would  be  possible  to  design  a  direct  detection 
WDM  network  functionally  similar  to  STARNET.  However,  the  final  performance  and/or 
cost  of  the  direct-detection  solution  could  be  remarkably  different  from  that  of  STARNET. 

Incoherent  technology  proves  simpler  and  cheaper  as  long  as  the  required  network 
performance  is  modest.  Two  examples  are  given  by  the  successful  experimental  testbeds 
RAINBOW  and  LAMBDANET.  RAINBOW  [23]  implements  a  pure  circuit  interconnect 
(no  packet  network  embedded)  with  channel  capacity  of  200  Mbit/s  and  a  maximum  num¬ 
ber  of  nodes  of  32.  The  node  optics  and  electronics  was  assembled  on  a  standard  IBM-PC 
board.  LAMBDANET^^  [34]  achieved  transmission  of  16  channels  at  2  Gbit/s/channel. 

However,  if  a  star  network  with  the  capability  of  serving  hundreds  of  nodes  is  desired, 
then  direct  detection  has  to  resort  to  optical  amplifiers  and  extremely  tight  optical  filter¬ 
ing.  The  resulting  complexity  is  similar  to  that  of  coherent  technology  but  the  obtained 
performance  is  not  as  good,  at  least  at  the  present  state  of  research;  direct  detection 

‘“LAMBDANET  is  primarily  meant  to  be  a  distribution  network,  but  the  experimental  testbed  gives 
an  indication  on  the  potential  of  direct  detection  WDM  independently  of  the  final  application. 
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systems  are  limited  by  the  35  (or  less)  am  bandwidth  of  EDFA  (Erbium  Doped  Fiber 
Amplifiers);  optical  filtering  does  not  have  the  selectivity  of  electronic  filtering^^. 

In  the  long-term  the  key  point  that  will  most  probably  determine  the  success  of  either 
coherent  or  direct  detection  is  integration.  Both  EDFA  and  optical  filters  are  not  integrat- 
able,  while  entire  heterodyne  receivers,  including  tunable  lasers,  have  been  monolithically 
integrated  on  the  same  substrate  [24].  The  process  is  claimed  to  be  compatible  with  the 
integration  of  a  new  57-nm  tunable  laser  [25].  Several  laboratories  are  working  on  the 
integration  of  a  full  polarization- diversity  receiver. 

Finally,  coherent  technology  has  the  so  far  unexploited  potential  of  reducing  by  a 
factor  of  up  to  4-5  the  channel  bandwidth,  through  multilevel  transmission. 

The  picture  just  presented  could  change  dramatically  in  favour  of  either  approach  as 
a  result  of  technological  breakthroughs.  Therefore  the  matter  is  far  from  being  settled 
and  it  is  not  possible  to  rule  out  either  technology  on  the  basis  of  the  present  knowledge. 

12  STARNET  feasibility 

Overall,  STARNET  relies  on  some  long-studied  (but  still  chadlenging)  techniques,  like 
WDM.  It  also  contains  several  new  concepts  and  solutions: 

•  the  achievement  of  transversal  connectivity  along  the  frequency  comb  of  nodes; 

•  the  use  of  the  transmitter  laser  of  the  node  as  LO  for  a  fixed  receiver; 

•  the  achievement  of  relative  frequency  stabilization  between  adjacent  nodes  in  the 
frequency  comb,  which  in  turn  is  used  to  ensure  overall  frequency  stabilization  in  the 
network; 

•  multiple  data  stream  multiplexing  over  the  node  carrier  by  means  of  iimovative 
techniques,  like  combined  modulation; 

•  the  bridged  medium-speed  packet  network  and  the  flexible  use  of  the  high  speed 
links  to  create  virtual  generic  multihop  topologies  for  broadband  packet  transport. 

An  experimental  i-node  STARNET  prototype  is  currently  being  built  at  the  Optical 
Communication  Research  Laboratory  of  Stanford  University.  The  testbed  is  meant  to 
verify  the  feasibility  and  effectiveness  of  all  aspects  listed  above.  For  some  of  them  this 

‘^Multiple-stage  Fabry-Perot  filters  attaining  a  bandwidth  of  0.01  nm  («  6  Ghz)  have  been  reported. 
However,  these  filters  suffer  from  many  problems  that,  presently,  are  thought  to  hinder  their  practical 
use  [35].  Similar  considerations  can  be  made  for  multi-stage  Mach-Zehnder  filters. 
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will  entail  full  realization  of  all  networking  features,  up  to  the  application  layer,  for  others 
it  will  involve  showing  the  feasibility  and  performance  of  the  physical  layer  only. 

The  ‘C’  links  aire  implemented  through  heterodyne  PSK,  at  a  speed  of  up  to  3Gbit/s. 
The  ‘P’  stream  is  multiplexed  by  combined  PSK-ASK  modulation  (see  Section  5.2).  The 
packet  network  is  organized  on  a  single  ring  and  makes  use  of  standaurd  FDDI  electronics, 
while  FDDI  optics  is  replaced  by  STARNET  optics.  The  high  speed  links  carry  data 
according  to  the  SONET  OC-48  2.4  GBit/s  transmission  stamdard.  Each  node  will  be 
controlled  by  a  RISC  workstation,  where  multimedia  (DEC  X-MEDIA)  applications,  like 
video-conferencing,  will  run  and  exchange  information  through  STARNET. 

13  Conclusions 

We  propose  a  new  broadband  local  Mea  network,  STARNET,  based  on  a  physical  passive 
star  topology.  STARNET  offer*  all  users  two  data  trasport  facilities;  a  moderate-speed 
packet  network  and  a  h*  1  peed  WDM  circuit  interconnect,  both  running  on  the  same 
physical  network. 

The  moderate- speed  packet  network  is  used  for  control,  reliability,  rearrangeability, 
optimization,  maintenance  and  exchange  of  low  and  medium  speed  data.  Enhanced  topo¬ 
logical  solutions  can  push  the  capacity  of  this  packet  network  into  the  Gbit/s  range. 

The  WDM  circtiit  interconnect  provides  the  users  with  high  speed  links  that  can  be 
used  for  high  speed  node-to-node  connections,  broaulcasting,  or  to  build  virtual  broadband 
packet  multihop  networks  among  arbitrary  subsets  of  nodes. 

As  a  result,  STARNET  can  effectively  support  many  different  kinds  of  traffic. 

STARNET  appears  to  be  feasible  with  presently  available  research  technologies.  An 
effort  toward  an  experimental  demonstration  of  a  4-node,  3  Gbit/ s  per  node,  FDDI  and 
SONET  OC-48  compatible  (with  the  packet  network  and  the  circuit  interconnect,  re¬ 
spectively)  STARNET,  that  will  be  used  to  run  X-MEDIA  ™  multimedia  and  video- 
conferencing  applications,  is  currently  in  progress  at  the  Optical  Communication  Research 
Laboratory  of  Stanford  University. 
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Appendices 


A  Data  Stream  Multiplexing  Penalties 

We  define  the  ‘power  pen2dty  due  to  multiplexing’  (A)  <is  the  ratio  between  the  power 
needed  to  transmit  both  ‘C’  and  ‘P’  streams,  and  the  power  needed  to  transmit  the 
‘C’  stream  only,  at  the  same  fixed  error  probability.  In  this  appendix  we  report  the 
calculations  concerning  the  power  pen2dty  results  presented  in  Section  5  for  Combined 
Modulation,  TDM  and  Subcarrier  Multiplexing. 


A.l  Combined  Modulation 

The  penalty  for  Combined  Modulation  is  calculated  as  follows.  The  IF  signal  in  the 
receiver  carries  both  the  PSK  and  the  ASK  modulation  and  can  be  written  in  the  complex 
envelope  form  as: 

»(<)  =  £(1  -  MMt  -  +  (n,(()  +  (7) 

*=0  »  ^ 


where: 


0  if<<0ort>r 
I  otherwise 


(8) 


The  factor  c^**^*^  represents  PSK  modulation,  while  0n  €  {0,1}  represents  binary  ASK 
data.  The  factor  6  determines  the  depth  of  the  ASK  modulation.  The  quantity  Eask 
is  the  energy  of  the  signal  within  a  bit  period  T  of  the  ASK  stream  (which  can  be 
different  from  that  of  the  PSK  stream).  The  processes  ne(t)  and  n,(f)  are  white  Gaussian 
and  independent.  Their  two-sided  noise  spectral  density  is  No  while  No/2  is  the  power 
spectral  density  of  the  real  (non  complex-envelope)  white  noise  originating  them. 

We  first  analyze  the  performance  of  the  ASK  stream  reception. 
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We  assume  that  the  IF  bandwidth  of  the  receiver  is  large  enough  not  to  distort  the 
IF  signal  substantially,  and  in  particular  not  to  cause  conversion  of  the  PSK  modulation 
into  amplitude  modulation.  .  hen,  after  squaring,  the  resulting  baseband  signal  is: 


m  =  j  ^ 


“t((  -  m 

fc=0 


‘2Eask 


1  2 


+  nF^{t) 


+  4.(0 


(9) 


where  and  nf,{t)  are  independent  Gaussian  processes  of  variance  cr^  =  NqBif. 

They  originate  from  the  IF  filtering  of  the  processes  n^(t)  and  n,(<).  The  quantity  Bif  is 
the  equivadent  noise  bandwidth  of  the  IF  filter. 

The  baseband  signal  can  be  affected  by  a  large  aunount  of  excess  noise  since  we  need 
very  loose  IF  filtering.  It  is  therefore  necessary  to  use  post-detection  filtering.  To  deal 
with  the  statistics  of  noise  in  this  case,  we  follow  the  procedure  outlined  in  [28,  30].  First, 
we  assume  that  the  post-detection  filter  is  an  integrate-amd-dump  filter  integrating  over 
a  time  T.  Then,  we  observe  that: 


(10) 


i.e.  the  integrate-amd-dump  post-detection  filter  can  be  approximated  ais  a  discrete  av¬ 
erage.  The  number  of  discrete  samples  M  is  equad  to  the  ratio  between  the  IF  filter 
bandwidth  and  the  low-patss  filter  bandwidth  7  =  This  condition  also  ensures  that 
the  M  samples  of  6(f)  are  statistically  independent.  The  decision  variable  for  the  k-th 
symbol  of  the  ASK  streaun  is  then: 

l2 


(l-A<h/^  +  n.. 


+  nLW  (U) 


where  for  convenience  we  have  defined; 

=  "F,  (l*  -  lir  +  ; 


=  nr.(lt-lIT+^r) 

The  probability  density  function  (pdf)  of  the  decision  variable  dk  is  a  Non-Central  Chi- 
Square  with  2Af  degrees  of  freedom  [31]: 

where  Dk  is  the  vailue  of  dk  in  the  absence  of  noise,  and  is  a  Bessel  Function  of 

order  M  —  1. 


D 

c  j* 


X  >  0 
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From  this  pdf  of  d*,  an  analytical  error  probability  expression  cam  be  derived: 


where  Dq  and  Z?i  are  the  values  of  when  is  equal  to  0  and  1  respectively,  Q\i  is  a 
Marcum  function  of  order  M  [31]  and  Q  is  the  threshold.  The  optimum  value  of  6  depends 
on  the  signal-to  noise  ratio. 

For  the  PSK  streaun,  we  find  an  upper-bound  of  the  error  probability  by  assuming 
that  is  always  1.  With  synchronous  demodulation,  the  error  probability  is: 

P{^)psK  =  ^erfc  ^[1  -  (^2) 

while  for  non-synchronous  (DPSK)  demodulation  it  is: 

P(^)o.s.  =  (13) 

If  no  ASK  modulation  is  applied,  then  ^  =  0  and  expressions  (12),  (13)  degenerate  into  the 
well-known  error- probability  expressions  for  PSK  and  DPSK.  The  symbol  energy  E(d)psk 
is  different  from  the  quamtity  Eask  defined  for  the  ASK  stream,  since  the  rates  of  the 
two  streams  are,  in  general,  different.  We  have: 

E(D)psk  _  (D)PSK  bit  rate  _ 

Eask  ~  ASK  bit  rate  ^ 

The  curves  of  Fig.  14  were  cadculated  as  follows.  Given  a  vadue  of  /»,  a  value  of  ASK 
modulation  depth  S  satisfying: 

Pi^)ASK  =  P{f)(D)PSK  =  10'* 

waa  numerically  found.  Then,  the  penalty  on  the  (D)PSK  stream  due  to  the  concurrent 
transmission  of  the  ASK  stream  is,  from  (12)  amd  (13): 

A  =  20Iogjo(l-<5) 

A. 2  Time  Division  Multiplexing 

The  energy  per  bit,  when  only  one  stream  is  transmitted,  is  given  by: 

P 
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where  P  is  the  available  power,  T  is  the  bit  duration  and  is  the  bit  rate.  When  we 
squeeze  in  another  stream,  the  bit  rate  must  be  increased  and  the  bit  duration  decreased. 
The  new  bit  duration  is; 

T'  = - - - 

Bri  +  Bp2 

where  Bri  is  the  bit  rates  of  the  second  data  stream.  If  we  keep  the  optical  power  constant, 
the  energy  per  bit  shrinks  since  now  the  energy  per  bit  is: 

"  Br,-^Br, 

To  restore  the  originaJ  amount  of  energy  per  bit  (and  therefore  the  original  error  proba¬ 
bility)  we  need  to  increase  power  to  a  new  value  P': 

P'  = 

Defining  p  as  the  ratio  of  the  bit  rates  of  the  two  multiplexed  data  streams: 


P  - 


Br, 


the  multiplexing  power  penalty  A,  i.e.  the  ratio  between  the  optical  powers  needed  to 
ensure  a  bit  energy  equal  to  Et  before  and  after  the  multiplexing  of  the  second  data 
stream,  can  be  written  as  follows: 


A  =  lOlogio  =  lOlogjo 


In  Fig.  14  we  assumed  ‘stream  1’  to  be  the  ‘C’  stream  and  ‘stream  2’  to  be  the  ‘P’ 
stream. 


A.3  Subcarrier  Multiplexing 

The  penalty  for  subcarrier  multiplexing  was  found  as  follows.  Both  streams  were  Msumed 
to  use  the  same  modulation  format.  Therefore,  the  amount  of  energy  per  bit  E,  that  they 
need  in  order  to  show  the  same  P{e)  is  the  same.  Given  the  maximum  electric  field 
amplitude,  the  two  streams  shtire  this  aunplitude.  Putting  together  the  constraints  of 
having  a  constamt  E,  for  each  stream,  independently  of  the  bit  rate,  and  that  the  sum  of 
the  amplitudes  of  the  two  streams  is  a  constant  (say.  A),  we  get: 
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where  Ti  and  Tj  are  the  bit  durations  of  the  two  streiims.  TaJcing  as  a  reference  the 
amplitude  needed  for  the  treinsmission  of  stream  1  alone  (Achi),  the  ratio  between  A  and 
Achi  is: 


where  p  is  the  ratio  of  the  bit  rates  of  the  two  multiplexed  data  streams. 


P  = 


(bit  rate  stream  1) 
(bit  rate  stream  2) 


The  resulting  power  penalty  is: 


A  =  20  logio 


In  Fig.  14  we  assumed  ‘stream  1’  to  be  the  ‘C’  stream  and  ‘stream  2’  to  be  the  ‘P’ 
stream. 


B  Circuit  Interconnect  Performance 


According  to  the  assumptions  listed  in  Section  6,  a  minimum  electrical  channel  spacing  of 
3  times  the  bit  rate  was  chosen.  This  spacing  yields  a  penalty  lower  than  IdB  with  most 
coherent  transmission  formats  [33].  Adopting  the  non-equispaced  channel  allocation  (Fig. 
12b),  the  resulting  average  optical  channel  spacing  is  4.5  times  the  bit  rate. 

The  ‘laser  tunability’  and  ‘bandwidth’  curves  of  Fig.  15  were  fotind  by  dividing  the 
relevant  available  optical  bandwidth  by  the  average  optical  channel  spacing.  For  10  nm 
laser  tunability  range,  the  corresponding  available  optical  bandwidth  is  1.25  Thz.  The 
bandwidth  of  the  1550  nm  window  is  about  20  Thz. 

The  power  budget  limit  was  computed  as  follows.  The  available  number  of  photons 
per  second  at  the  receiver  is: 


P  =  p.  — 

*  *  n  AT  ^ 


where  Pi  is  the  launched  number  of  photons  per  second,  the  factor  ^  accounts  for  the  fact 
that  at  each  node  there  are  two  receivers,  N  represents  the  power  splitting  at  the  star 
coupler  and  m  is  the  system  margin.  The  number  of  successive  splitting  stages  through 
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which  the  signal  has  to  pass  at  the  star  coupler  is  \og2{N).  If  s  is  the  excess  loss  of  each 
stage  in  dB,  the  factor  represents  the  excess  loss  of  the  whole  star. 

According  to  the  assumptions  listed  in  Section  6,  m  =  0.05  (-13  dB),  Pt  =  7.8  •  10‘® 
[ph/s]  (0  dBm  at  1550  nm)  and  s  =  0.5  dB.  Finally,  dividing  the  number  of  available 
photons  per  second  by  the  needed  number  of  photons  per  bit  (21  for  DPSK)  we  find  the 
maximum  sustainable  bit  rate: 

Bn  =  P/21 


C  Enhanced  Packet  Network  Performance 

C.l  Total  Throughput  Expressions 

In  Fig.  19  we  show  a  three-dimensional  plot  of  the  total  throughput  of  the  enhanced 
packet  network  of  Section  8  as  a  function  of  the  parameters  M  (number  of  subnetworks) 
and  a  (  fraction  of  out-of-subnetwork  traffic)  defined  in  Section  8.2.  In  this  appendix  we 
describe  how  this  plot  was  obtained. 

We  first  make  the  assumption  that  each  subnetwork  generates  the  same  amount  of 
traffic.  For  the  time  being  we  also  assume  that  all  subnetworks  have  the  same  a  and 
that  the  outgoing  traffic  generated  by  each  subnetwork  is  equally  split  among  the  other 
subnetworks.  Later  we  will  show  how  to  compute  an  effective  fraction  of  out-of- subnetwork 
traffic  d  that  permits  to  relax  the  assumption  that  all  subnetworks  have  the  same  a. 

When  the  backbone  is  not  saturated,  every  subnetwork  can  operate  at  its  maximum, 
capacity  Cm-  This  capacity  is  used  to  process  three  types  of  traffic. 

There  is  in-subnetwork  traffic  (traffic  generated  within  the  subnetwork  whose  destina¬ 
tion  is  within  the  same  subnetwork)  which  is  equal  to: 

J$n  —  (1  —  OcYTtn 

where  Tm  is  the  total  amoimt  of  traffic  generated  within  the  subnetwork. 

There  is  out*of- subnetwork  traffic  (  traffic  generated  within  the  subnetwork  whose 
destination  is  in  other  subnetworks).  By  definition  of  a,  it  amounts  to: 

Om  =  OlTsn 


Finally,  there  is  out-of-subnetwork  traffic  which  was  generated  in  other  subnetworks, 
whose  destination  is  within  the  subnetwork  under  consideration.  This  trciffic  enters  the 
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subnetwork  and  must  be  delivered  to  one  of  the  nodes  belonging  to  the  subnetwork.  Since 
we  assumed  uniform  destination  distribution  of  the  out- of- subnetwork  traffic  generated 
by  each  subnetworks,  this  implies  that  the  incoming  out-of- subnetwork  traffic  must  equal 
the  outgoing  out-of-subnetwork  traffic  and  therefore  it  amounts  to  aTm  =  0,n  ^  well. 

The  final  constraint  is  that  the  sum  of  these  three  contributions  should  equal  the 
subnetwork  capacity: 

C,n  =  /,n+20,«  =  (l+a)r.n 

The  total  throughput  Ttot  of  the  whole  network  is  M  times  and  therefore: 

M 

=  =  (14) 

1  +  Ot 

which  corresponds  to  expression  (4)  of  Section  8.2. 

When  the  backbone  is  saturated,  the  network  total  throughput  is  found  as  follows. 
The  amount  of  out-of-subnetwork  traffic  that  is  exchanged  in  the  network  in  this  condition 
is  exactly  Chock-  By  definition  of  a,  we  can  write: 

Chock  =  QjA/  •  T,n 

On  the  average,  every  subnetwork  generates  and  processes  an  amount  of  in-subnetwork 
traffic  equal  to  (1  -  a)  T.n,  so  that  the  total  amount  of  in-subnetwork  traffic  of  the  overall 
network  is: 

/  =  ( 1  -  a)  Af  •  r.„  =  -  Chock 

a 

The  network  total  throughput,  when  the  backbone  is  saturated,  including  both  in-subnetwork 
and  out-of- subnetwork  traffic,  is  then  the  sum  of  the  above: 

Ttot  =  Chock  +  I=-Chock  (15) 

a 

The  actual  network  total  throughput  for  given  values  of  (7^,  Chock,  M  and  or  is  the 
minimum  between  expression  (14)  and  (15): 

r<ot  =s  min  (  — - Ctn‘,—Choek\  (1^) 

1 1  -H  a  or  ) 

In  Fig.  19  Chock  and  C,n  are  fixed  and  Ttot  is  plotted  versus  M  and  a. 

If  a  is  not  equal  for  all  subnetworks,  in  general  (14)  and  (15)  are  not  valid.  However,  if 
the  amount  of  out-of-subnetwork  traffic  that  enters  a  subnetwork  is  equal  to  the  amount 
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of  out-of-subnetwork  traffic  that  exits  that  subnetwork,  then  the  above  expressions  are 
still  valid  replacing  a  with  an  effective  a  (a)  defined  as  follows: 


a 


l-E 


M  1 

«=1  l+ai 


1 

1+04 


(17) 


where  is  the  out- of- subnetwork  traffic  fraction  generated  by  the  i-th  subnetwork. 


C.2  Total  Throughput  Maximization 


In  Section  8.3  we  claim  that,  given  Cback  and  C,„,  the  values  of  M  and  d  that  maximize 
the  network  total  throughput  are  given  by  (6),  under  the  constraint  that  a{M)  is  a 
monotonically  increasing  function,  i.e.: 


dot 

m 


>  0 


(18) 


In  words,  the  above  condition  means  that  further  segmentation  of  the  network  causes  a 
heavier  exchange  of  out-of-subnetwork  traffic. 

In  order  to  obtain  (6),  we  first  compute  the  gradient  of  the  total  throughput  (16)  with 
respect  to  d  and  M : 


VTt 


tot 


1 


if  backbone  is  not  saturated 
if  backbone  is  saturated 


(19) 


Starting  from  a  non-segmented  network  (M  =  1),  and  as  long  as  the  backbone  is  not 
saturated,  the  above  expression  of  the  gradient  shows  that  any  increase  in  M  causes  an 
increase  in  total  throughput,  iinlesr. 


da  1  -f  o 


(20) 


This  condition  is  found  by  computing  the  direction  of  no  growth  of  the  total  throughput, 
which  is  orthogonal  to  the  gradient  of  Ttof 

If  (20)  is  true,  even  on!  ‘  for  some  {a,M),  then  no  general  rule  can  be  found  on  the 
maximi2ation  of  the  total  throughput.  The  problem  must  be  solved  on  a  case- by-case 
basis 

However,  condition  (20)  is  extremely  unlikely  to  occur,  as  a  straightforward  numerical 
substitution  can  show.  Therefore,  we  assume  that  in  a  realistic  environment  the  total 
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throughput  does  iac^e^3e  when  M  is  increased,  as  long  as  the  backbone  is  not  saturated. 
As  a  result,  increasing  M  brings  us  closer  to  the  maximum  of  the  network  totad  through¬ 
put. 

But  M  cannot  be  increased  indefinitely.  Eventually,  the  backbone  saturation  limit  is 
reached.  This  is  unavoidable,  given  the  above  assumptions.  At  the  saturation  point,  the 
expression  of  the  gradient  (19)  tells  us  that  the  only  way  to  further  increase  Ttot  is  to 
decrease  d.  However,  in  order  to  decreaise  d,  given  (18),  it  is  necessary  to  reduce  M .  This 
would  cause  moving  back  into  the  operating  regime  where  the  backbone  is  not  saturated 
and  where  a  reduction  in  M  causes  a  reduction  of  the  total  throughput.  Therefore, 
when  the  backbone  saturation  limit  is  reached,  both  increasing  M  and  decreasing  it  will 
deteriorate  the  total  throughput.  Hence  the  maximum  total  throughput  is  achieved  at 
the  onset  of  backbone  saturation. 

Backbone  saturation  occurs  when  (14)  and  (15)  become  equal: 

1-1-0!  a 

which  immediately  yields  equation  (6). 
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•  video  conferencing 

•  video  telepnony 

•  remote  liorary  service  (capers,  oooks, images) 

•  facsimile  newspapers  ano  magazines 

•  video  iiDranes  (movies,  classes  ) 

•  virtual  reality 

•  HDTV 

•  supercomputer  direct 
interconnection 


Figure  1 :  Some  of  today’s  and  tomorrow’s  network  services. 


Figure  2:  Each  STARNET  node  has  a  two-fiber  connection  with  the  star:  one  carries  the 
node  signal  to  the  star  and  the  other  brings  from  the  star  the  signals  of  all  the  nodes. 
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Node  Structure 


— ~ ^ 

Transmitter 


Packet  Stream  Circuit  Stream 
Fixed  Receiver  Tunable  Receiver 

s. _ / 


Fiber  To  Star 
Fiber  From  Star 


P :  packet  data 
0 :  cIrcuK  data 


Figure  3:  Block  diagram  of  the  basic  node  configuration. 


TRANSMITTER  FREQUENCY  COMB 
each  node  signal  carries  two  independent  data  streams 


•c 


Figure  4;  The  node  transmitter  multiplexes  two  independent  data  streams  onto  the  same 
lightwave  carrier. 
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Transmitter  Frequency  Comb 


'P'  stream 


Figure  5:  Each  node  ‘sees’  the  T’  stream  of  the  previous  node  at  all  times.  A  logical 
chain  connection  is  thus  achieved. 


Transmitter  Frequency  Comb 

■p'  stream  P’  stream 

m.rrrm  tt> 


I  2  nodes  i-2  t-l  i  i*!  N-1  N 

^  P"  stream 

dedicated  receiver  of  node  *  i  extracts  P'  data  from  node  n 

Figure  6:  The  first  node  (node  1)  of  the  chain  is  equipped  with  a  receiver  which  extracts 
the  ‘P’  stream  out  of  the  last  node  in  the  comb. 
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Nodes 


Figure  7:  A  logical  unidirectional  ring  topology  is  arranged  on  the  underlying  physical 
star  network. 


PI'  stream 


'P2'  stream 


Figure  8:  A  virtual  bidirectional  store- and- forward  chain  is  obtained  using  the  logical 
connectivity  of  BNC2. 


Kazovsky,  PoggioUni 


43 


Figure  9:  With  BNC2,  a  virtual  double  counter-rotating  ring  topology  can  be  arranged. 
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Figure  10:  Schematic  of  a  STARNET  node. 
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Equlspaced  Optical  Comb 


earners  i-t  i  i*!  1  +  2  i  +  3  optical 

frequency 


Minimum  Bandwidth  Optical  Comb 


frequency 


Figure  12:  Equispaced  and  minimum  optical  bandwidth  occupancy  (for  heterodyne  de¬ 
tection  [13])  frequency  allocation.  The  quantity  S/2  is  the  minimum  acceptable  electrical- 
domain  channel  spacing  at  the  receiver  IF. 
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Figure  13:  Carrier  visibility  at  IF  in  the  fixed  receiver  of  node  i,  employing  the  node 
transmitter  laser  as  LO  and  the  non-equispaced  allocation  of  carriers.  In  (a)  and  (b)  the 
two  possible  IF  spectra  are  shown,  depending  on  the  i-th  node  position  in  the  comb. 
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Figure  14:  Plot  of  the  multiplexing  penalty  A,  defined  as  the  ratio  between  the 
power  needed  to  transmit  both  ‘C’  and  ‘P’  streams  and  the  power  needed  to  trans¬ 
mit  the  ‘C’  stream  only  at  a  fixed  error  probability  P(e)=10“®,  versus  the  speed  ratio 
p  =  [speed  ‘C’  stream]/ [speed  ‘P’  stream).  The  curve  TDM  refers  to  Time  Division  Mul¬ 
tiplexing  whereas  SCM  stands  for  Subcarrier  Multiplexing. 
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Figure  15:  Maximum  number  of  nodes  versus  the  transmission  rate  of  the  circuit  inter¬ 
connect  (‘C’)  stream. 
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Figure  16:  Mean  packet  delay  for  a  hundred  and  a  thousand  nodes  in  a  single-ring  topol- 
087"  Curves  ‘A’  are  queueing  delay  only,  curves  ‘B’  are  total  delay  (queueing  and  propa¬ 
gation). 


msmr 


Figure  17:  M  basic  packet  networks  are  arranged  on  the  same  physical  star  so  that  they 
are  contiguous  in  the  optical  frequency  domain. 
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Figure  19:  Total  throughput  of  a  segmented  patcket  netowrk  versus  number  of  subnetworks 
M  and  out-of-subnetwork  traffic  fraction  a.  The  subnetworks  have  a  capacity  of  lOO 
Mbit/s,  the  backbone  of  500  Mbit/s. 
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Figure  20:  Optimum  number  of  subnetworks  M  versus  out-of-subnetwork  traffic  fraction 
a,  for  a  backbone  capacity  of  100  and  500  Mbit/s. 
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Figure  21:  Total  mean  delay  for  the  single-ring  and  ring-of-sub rings  packet  networks. 
Parameter  values  are:  1000  nodes,  subnetwork  and  single-ring  capacity  100  Mbit/s,  30 
subnetworks,  backbone  capacity  500  Mbit/s,  a  =  0.2.  Other  assumptions  are  listed  in 
Section  7.  Separate  curves  are  shown  for  packets  whose  source  and  destination  are  in  the 
same  subnetwork  or  in  different  subnetworks. 
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Figure  22:  A  multihop  node  has  two  outgoing  and  two  incoming  high  speed  logical  links 
(black  ^u:rows). 
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Figure  23:  l6-no<lc  Manhattan  Street  Topology.  The  Hamiltonian  path  is  shown  in  black. 
The  remaining  links  (gray)  form  three  smaller  rings  (see  Fig.  24). 
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Figure  24:  The  node  ordering  in  the  optical  frequency  domain  must  follow  the  numbering 
shown  in  figure.  The  Hamiltonian  ring  (upper  left)  is  then  obtained  using  the  fixed 
receivers,  the  other  rings  are  set  up  by  means  of  the  tunable  receivers. 
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Abstract-  The  performance  of  Manchester-coded  optical  wavelength  division  multiplexing  (WDM)  systems  is 
evaluated  taking  into  account  the  shot  noise  and  the  four  wave  mixing  (FWM)  caused  by  fiber  nonlinearities.  The 
result  is  compared  to  conventional  non-return-to-zero  (NRZ)  systems  for  ASK  and  DPSK  modulation  formats. 
Further,  the  dynamic  range,  defined  as  the  ratio  of  the  maximum  input  power  (limited  by  the  EAVM),  to  the 
minimum  input  poww  (limited  by  receiver  sensitivity),  is  evaluated.  For  1.55  p-m  16  channel  WDM  systems,  the 
dynamic  '•ange  of  ASK  Manchester  coded  systems  shows  a  2.0  dB  improvement  with  respect  to  the  NRZ;  the 
corresponding  number  for  DPSK  is  2.1  dB.  This  result  holds  true  for  both  dispwrsion-shifted  fiber  and  conventional 
fiber;  it  has  been  obtained  for  10  GHz  channel  spacing,  1  Gbps/channel  bit  rate  and  100  Km  transmission  length. 
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I.  INTRODUCTION 

Future  multichannel  optical  transmission  systems  will  utilize  the  large  bandwidth  of 
single  mode  fibers  using  wavelength  division  multiplexing  (WDM).  The  performance  of 
optical  WDM  systems  may  be  degraded  by  the  nonlinearities  of  optical  fibers  [1,2].  One 
important  fiber  nonlinearity  is  four  wave  mixing  (FWM).  This  effect  occurs  when  two 
or  more  optical  waves  at  different  wavelengths  mix  to  produce  new  optical  waves  at 
other  wavelengths.  The  new  optical  waves  may  lead  to  c  os.talk  [3,4]. 

Several  studies  of  four  wave  mixing  in  WDM  communication  systems  have  been 
published  [5,6].  These  studies  showed  that  the  FWM  crosstalk  limits  the  number  of 
channels,  the  maximum  allowed  input  power  per  channel  and  the  channel  frequency 
separation.  The  allowed  power  per  channel,  for  a  given  number  of  channels  and  a  given 
frequency  separation,  depends  on  the  fiber  dispersion  and  attenuation.  Previous  studies 
took  into  account  FWM  only,  and  neglected  other  noise  sources,  such  as  shot  noise.  In 
addition,  the  bit  error  rate  in  previous  studies  was  calculated  under  the  assumption  that 
the  entire  power  of  the  interference  due  to  FWM  falls  into  the  signal  bandwidth. 

In  this  paper,  the  performance  of  optical  Manchester  coded  WDM  systems  is 
evaluated.  Our  analysis  takes  into  account  the  shot  noise  originating  from  the  light 
detection  process  and  FWM  noise  resulting  from  the  optical  fiber  nonlinearity.  These 
two  effects  limit  the  transmission  distance  as  follows:  the  nonlinearity  of  the  optical 
fiber  limits  the  maximum  transmission  power,  and  the  shot  noise  originating  from  the 
detection  process  limits  the  minimum  receiver  power.  The  ratio  of  the  maximum 
transmitter  power  launched  into  the  fiber  to  the  minimum  receiver  power  limits  the 
acceptable  attenuation  and,  therefore,  the  maximum  transmission  length.  We  show  that 
Manchester  coding  reduces  the  impact  of  FWM  on  WDM  systems.  Our  analysis  does 
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take  into  account  the  spectral  distribution  of  FWM,  and  so  is  believed  to  be  more 
accurate  than  previous  studies. 

The  rest  of  this  paper  is  organized  as  follows.  The  system  block  diagram  and  the 
FWM  are  described  in  Section  II.  Receiver  output  signal  and  noises  are  described  in 
Section  HI.  Section  IV  deals  with  autocorrelation  functions  for  the  NRZ  and  Manchester 
codes  and  the  signal-to-noise  ratio.  Bit  error  rate  is  evaluated  in  Section  V.  Numerical 
results  and  discussion  are  contained  in  Section  VI.  Finally,  Section  VII  contains  the 
conclusions  of  this  paper. 

II.  WAVELENGTH  DIVISION  MULTIPLEXING  SYSTEM  AND 
FOUR  WAVE  MIXING 


The  block  diagram  of  an  optical  WDM  system  employing  Manchester  coding  is 
shown  in  Fig.  1.  Encoders  are  used  to  convert  NRZ  data  to  Manchester-coded  data.  The 
matched  filter  is  used  as  a  decoder  in  the  receiver.  We  assume  that  all  transmitters  use 
the  same  modulation  format. 


Fig.  I.  Block  diagram  of  an  optical  wavelength  division  multiplexing  system. 


To  investigate  the  impact  of  FWM  on  the  N-channel  optical  WDM  system,  we  use 
the  first  order  nonlinear  differential  equation  that  governs  the  optical  wave  propagation 
in  a  nonlinear  medium.  For  the  case  of  light  with  a  finite  spectral  width,  this  equation 
looks  as  follows  [1]: 
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(a),z)  =  -^a£  + 

or  2  ^  nc 

•exp(-|o2)j  J^u'£  +  6>"  -(o)E^  (ft)')  •  E,(co")  ( 1 ) 

where  it  is  assumed  that  the  light  propagates  along  the  z  axis,  E  is  electric  field  in  the 
optical  fit'^r,  co  is  angular  light  frequency,  n  is  fiber  core  refractive  index,  c  is  the 
velocity  of  light  in  vacuum,  a  is  the  fiber  power  attenuation  constant,  Xiiii  is  third  order 
nonlinear  susceptibility,  D  is  the  degeneracy  factor,  |i,v  and  p  =  1,2"-  N  and  Ak  is  the 
phase  mismatch  given  by  [2] 

hk  =  27tX:CU,  (2) 

where  C  is  the  group  velocity  dispersion  (G.V.D.).  In  the  derivation  of  (1),  it  is  assumed 
that  the  field  depletion  due  to  FWM  is  small,  so  that  the  field  amplitude  is  reduced  solely 
by  fiber  attenuation.  This  assumption  is  valid  when  the  field  amplitude  of  the  incident 
light  at  the  fiber  input  is  much  larger  than  that  of  the  converted  wave  at  the  fiber  end. 
Nonlinear  term  due  to  four  wave  mixing  is  represented  by  the  double  convolution  of  the 
electric  fields  of  three  channels.  Expression  (1)  is  a  first  order  nonhomogeneous 
differential  equation.  We  can  obtain  the  solution  at  z=L: 

£^(ft),z.)=ft[£^(ft),0)+Xy— 

^  ^  nc 

[da)'\yco''El,_^((i)'  +  ft)"  -  ft))  •  £:,  (ft)')  •  (ft)") 


(3) 


IMPACT  OF  FWM  ON  MANCHESTER  CODED  WDM  SYSTEMS 


5 


where  the  fiber  attenuation  u  and  the  effective  length  in  the  presence  of  dispersion  Le  are 
given  by 


u  =  exp(-or  •Z/2) 


(4) 


1  -  expQAAZ) 
a  -  jAk 


(5) 


Taking  the  inverse  Fourier  transform  of  (3),  we  obtain  the  complex  amplitude  of  the 
electric  field  in  the  time  domain: 


Ep(t,L)  =  u'\  (0] + X  exp(7^>„  (/)] 


li.V 


(6) 


where  u'  is  defined  by 


u'  =  u/d 


(7) 


where  d,  the  conversion  factor  between  power  and  electric  field,  is  defined  by  [1] 


(8) 


where  Aeff  is  the  effective  core  area  of  the  optical  fiber.  In  equation  (6),  Pp(t)  and  ((ipCt) 
are  the  signal  power  and  phase  at  the  fiber  input,  and  Pn(t)  and  (l)n(t)  are  the  power  and 
phase  of  the  optical  noise  process  due  to  FWM  given  by 
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^.(<)  =  0,(O+A(<)-0,„.„(O+/l'-?(i,)-f  (10) 

where  the  phase  mismatch  factor  t|  denotes  the  ratio  of  the  power  of  the  generated  waves 
without  phase  matching  to  their  power  with  phase  matching.  The  parameters  k  and  r] 
are  given  by 


We  consider  ASK  and  DPSK  modulation  formats  in  this  paper.  The  block  diagrams 
of  ASK  and  DPSK  receivers  are  shown  in  Fig.  2.  We  assume  the  lowpass  filter  just 
removes  the  second  harmonic  components  resulting  from  the  delay-and-multiply 
demodulator  without  changing  the  baseband  components  in  the  DPSK  receiver  of  Fig.  2 
b.  Figures  3  and  4  show  the  impulse  response  of  the  matched  filter  and  the  time-domain 
signals  for  both  receivers. 

In  a  multichannel  system,  complex  amplitudes  of  the  received  optical  signal  and  local 


oscillator  field  are  given  by  [7] 
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(a) 


(b) 

Fig.  2.  (a)  A  Heterodyne  ASK  Receiver,  (b)  A  Heterodyne  DPSK  Receiver. 


Es  =  f,E^(t,L)  p  =  l,2 . N  (13) 

p=i 

(14) 

where  F3(t,L)  is  the  complex  amplitude  of  channel  p,  N  is  the  total  number  of  optical 
channels,  Plo  is  the  local  oscillator  power,  d  was  defined  in  expression  (8)  and  Elo  is  the 
electric  field  of  the  local  oscillator.  We  assume  that  the  channel  separation  is  large 
enough  to  neglect  the  inter-channel  crosstalk  [7],  The  directional  coupler  output 
amplitudes  are  then: 

E,{t)  =  ^[E^{t,L)A-E,a]  (15) 

E,(t)  =  ^[E^it,L)-E,o] 


(16) 
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The  resulting  photocurrents  are 

+2“’X  Sl/^.(')/’.(')cos[«.(')-^.(/)] 

/I’.v 

+2mV^  {[V^^  «c(0]cos(6>;pr  +  0^(r)]  +  n,(r)sin[a);^/  +  0^  (/)]}} 
+«,(/)  (17) 

/2(O  =  f{«^/^p(O  +  «^I/^„(O+/’.o+2M^IV^p(/)P,(Ocos[.^,(/)-0„(O] 
+2u'  X  SV/’.(')n«)cos(0.(O-(S.(<)] 

py  n*tx‘.v*\^ 

-2w7^{[V^p(0  +  «c(0]cos[(W,p/  +  0^(/)]+ «,(Osin[<U;^  +  0p(O]}} 
+«2(0  (18) 

where  Pn(t)  and  Pn'(t)  are  the  noise  powers  of  p-th  channel  corresponding  to  p,v  and 
p',v',  respectively,  R  is  the  photodetector  responsivity,  ni(t)  and  n2(t)  are  shot  noises 
originating  from  the  detection  process,  and  the  in-phase  and  the  quadrature  components 
of  noise  are  given  by 


hAO  =  '^^1 PAO  sin 

M.v 

(19) 

'»,(O  =  E>/^,(Ocos0^,p(/) 

(20) 

The  phase  change  due  to  FWM  is  given  by 
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+  0.(0  -  0p(O  -  0pwp(O  +  ArgiL, )  (21) 

The  phases  0nvp(t)  are  regarded  as  independent  random  variables  to  simplify  the  analysis. 
The  resulting  output  voltage  is 

K (0  =  ^{[7^p(0  +«c(0]cos[ty,j,/  +  (/)]  +  «, (Osin +  0^(/)]}  +  «(0  (22) 

where  the  amplitude  A  and  the  shot  noise  n(t)  are  given  by 

A  =  2Ru4^  (23) 

//(/)  =  /i,(0-«:(0  (24) 

IV.  CODING  METHODS  AND  SIGNAL-TO-NOISE  RATIO 

A.  Power  Spectral  Density  of  Coded  Signals 

The  signal- to-noise  ratio  for  conventional  NRZ  coded  signals  and  Manchester  coded 
signals  are  given  in  this  section.  In  the  case  of  unipolar  NRZ,  the  binary  1  is  represented 
by  a  higher  level  (+A)  and  the  binary  0  is  represented  by  a  zero  level  (0).  In  the 
Manchester  code,  the  binary  1  is  represented  by  a  positive  pulse  occupying  50%  of  a  bit 
slot  followed  by  a  negative  pulse  of  the  same  duration.  Similarly,  a  binary  0  is 
represented  by  a  negative  pulse  followed  by  a  positive  pulse. 

The  baseband  power  spectral  density  (PSD)  of  a  polar  NRZ  signal  is  given  by  [8] 


<^,vRz(/)  =  ^s  sin  c'(/r,) 


(25) 
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where  Tb  is  bit  period,  and  the  bit  rate  is  Rb=l/Tb;  the  total  signal  power  is  normalized  to 
unity.  The  autocorrelation  function  of  the  baseband  NRZ  signal  is 


^NRZ  (^) 


lrl< 


(26) 


The  baseband  power  spectral  density  of  the  Manchester-coded  baseband  signal  is 
given  by  [8] 


G^iAs  if)  =  T,  sin  c\JT,  /  2)-  sin^(;5rr,  /  2)  (27) 

The  bandwidth  of  the  Manchester-coded  signal  measured  to  the  first  null  is  twice  that  of 
the  NRZ  bandwidth.  The  Manchester-coded  signal  has  a  zero  dc  level  on  the  bit  by  bit 
basis.  Moreover,  long  strings  of  zeros  do  not  cause  a  loss  of  the  clocking  signal.  The 
Manchester-coded  signal  is  generated  by  multiplying  frequency-doubled  bit  clock  with 
the  NRZ-coded  signal.  The  autocorrelation  function  of  the  Manchester-coded  baseband 
signal  is  given  by 


^.tt4v(T)  = 


(28) 


T  >?; 


0 
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B.  Signal-to-Noise  Ratio 

The  matched  filter  output  voltage  at  the  terminal  B  of  Fig.  2  is  given  by 

=  £s(l)  h(T,  -()d(  + -'W<  (29) 

where  h(t)  is  impulse  response  of  the  matched  filter.  The  first  term  gives  the  signal,  and 
the  second  term  is  a  zero-mean  Gaussian  random  variable;  its  variance  is  given  by 

(30) 

where  Rn(ti-t2)=E[n(ti)n(t2)]  is  the  autocorrelation  function  of  the  noise. 

Assume  that  all  channels  use  the  same  modulation  scheme  and  have  the  same  power. 
I  hen,  from  expressions  (19)  and  (20),  the  autocorrelation  function  of  the  noise  due  to 
FWM  is  given  by 


(31) 


where  R'Ct)  is  given  by 


jR:(t)  =  R\t)cosq},pT 


(32) 
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where  R(x)  is  the  autocorrelation  function  of  each  signal.  An  explicit  expression  for  R(x) 
will  be  given  in  Section  V  for  each  modulation  and  coding  format  investigated  in  this 
paper.  Substituting  (31)  into  (30),  we  obtain  the  variance  of  FWM  noise: 


^  FWM  2  ^ 

(33) 

where  and  S^  are  defined  by 

(34) 

s‘  =  '2D'n 

(35) 

The  autocorrelation  function  of  the  shot  noise  is  given  by 

=  (36) 

Substituting  (36)  into  (30)  we  obtain  the  variance  of  the  shot  noise; 

(37) 

where  W  is  given  by 


‘h 


(38) 
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Therefore  the  total  signal-to-noise  ratio  y  defined  as  the  ratio  of  the  signal  power  to 
the  noise  power,  is  given  by 


1 


4k(G 


FWM 


k[2K-P;V-S^  +qW  /  RTy  PA 


(39) 


where  k=4  for  the  Manchester-coded  ASK  system  and  k;=l  for  the  three  other  modulation 
and  coding  formats  considered  in  this  paper.  This  equation  shows  that  as  the  input  signal 
power  Pp  increases,  the  signal-to-noise  ratio  y  first  increases  due  to  the  relative 
suppression  of  the  shot  noise,  and  then  decreases  due  to  the  FWM.  Thus,  at  some  value 
of  Pp,  a  peak  value  of  y  is  reached  corresponding  to  the  optimum  system  performance, 

V.  ASK  AND  DPSK  SYSTEM  PERFORMANCE  EVALUATION 


A.  Heterodyne  ASK  System 


Bit  Error  Rate 

We  consider  first  the  ASK  receiver  shown  in  Fig.  2  a.  We  assume  that  a  matched 
filter  is  used  in  the  receiver.  The  impulse  responses  of  the  matched  filters  for  the  NRZ 
and  Manchester  coded  ASK  signals  are  given  by 


h\ 


ASKJ^R 


z(0  = 


I  COSO), pi 

I  0 


for 

for 


/e[0,rj 


(40) 


^.s*:.vRz(0  =  {  0  for  all  t 


(41) 
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ASK  MAS  (0  — 


cosiOspt  for  te[TJ2,f] 
0  for  t^[TJ2J,] 


cos(0,pt  for  /  €  [0, 7^  /  2] 
0  for  t€[0JJ2\ 


The  impulse  responses  (40)  to  (43)  are  shown  in  the  top  of  the  Fig.  3. 

To  find  the  noise  variance  due  to  four-wave-mixing,  we  need  the  autocorrelation 
function  R(-c)  of  each  ASK  signal: 


^ASKMAS  (^)  ~  ^  (^)] 


where  the  baseband  autocorrelation  functions  RNRz('t)  and  Rman('C)  are  given  by 
expressions  (26)  and  (28)  respectively.  Substituting  (44)  and  (45)  into  (32),  we  obtain 
the  autocorrelation  function  R’(t).  The  power  spectral  density  of  the  crosstalk  due  to 
four  wave  mixing  is  given  in  the  Appendix.  Next,  we  substitute  (32)  and  (40)  into  (34) 
to  obtain 


=001916 


Similarly,  substituting  (32)  and  (42)  into  (34),  we  obtain 


^IsKMAs  =0.00385 


(47) 
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Substituting  (40)  and  (42)  into  (38),  we  obtain  Wask.nrz  =  0.5  and  Wask.man  =  0.25. 
The  bit  error  ratio  of  the  heterodyne  ASK  system  is  given  by  [9] 


ynz  ~ 


BER^sk  man  ~  2 


(48) 

(49) 


Using  expressions  (48),  (49),  (46),  (47),  (39)  and  (35),  we  obtain  the  numerical  value  of 
BER  of  the  ASK  multichannel  system  impaired  by  the  shot  noise  and  the  four  wave 
mixing. 

Fig.  5  shows  BER  for  the  8  th  channel*  of  a  16  channel  WDM  system  using  a 
dispersion  shifted  (DS)  fiber  versus  the  optical  fiber  input  power  for  several  values  of  the 
fiber  length;  the  assumed  system  parameters  are  given  in  Table  I.  Inspection  of  Fig.  5 
shows  that  an  increase  of  the  input  power  results  in  a  decrease  of  the  BER  for  small 
powers  and  in  an  increase  of  the  BER  for  large  input  powers.  The  increase  of  BER  at 
high  powers  is  due  to  the  FWM  that  is  proportional  to  the  cube  of  the  signal  power. 

Dynamic  Ranee 

The  system  dynamic  range  is  defined  as  the  ratio  of  the  maximum  input  power  to 
minimum  input  power  to  maintain  BER  below  10'^;  a  more  detailed  description  is 
contained  in  Section  Vl-B.  Fig.  5  shows  that  the  dynamic  range  of  a  Manchester-coded 
system  is  about  2.0  dB  larger  than  that  of  an  NRZ  system.  The  maximum  allowable 
power  for  the  Manchester-coded  system  is  2.0  dB  larger  than  that  for  the  NRZ  coded 
system,  and  receiver  sensitivity  for  the  Manchester  coded  system  is  same  as  that  for  the 


*  Other  channels  have  better  BER. 
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NRZ  system.  The  maximum  transmission  distance  of  a  system  using  tlie  Manchester 
code  is  220  Km,  and  is  about  10  Km  longer  than  that  of  the  NRZ  system. 

B.  DPSK  Heterodyne  System 


Bit  Error  Rate 

Fig.  2  b  shows  a  block  diagram  of  a  DPSK  receiver.  The  impulse  responses  of  the 
matched  filters  for  NRZ  and  Manchester  coded  DPSK  signals  are  given  by 


^DPSK.NRZ  (0  ~  1 

COS  CO, pt 

for  t 

€[o,rj 

(50) 

0 

for  t 

mu 

-COSCO,pi 

t  for 

tmjj2] 

\ 

^DPSKMAN  (0  —  ‘ 

COSCOjpJ 

for 

(51) 

0 

for 

tm,u 

Table  I.  System  parameters 


System  Parameters 

Retractive  Index, n 

1.47 

Wavelength,  x 

1.55  urn 

Attenuation  Coefficient,  « 

0.2  dB  /  Km 

Channel  Spacing 

10  GHz 

Bit  Rate 

1  Gbps 

Effective  Fiber  Core  Area,A 

NDS  Fiber 

32  ti  nm  ^ 

DS  Fiber 

1 6  7t  (im  ^ 

Group  Velocity  Dispersion,C 

NDS  Fiber 

15  ps/Km  nm 

DS  Fiber 

1  ps/Km  nm 
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These  impulse  responses  are  shown  in  the  top  of  Fig.  4. 

To  find  the  noise  variance  due  to  four  wave  mixing  we  need  the  autocorrelation 
function  R(t)  of  each  DPSK  signal: 


^DPSK.NPZ  ~  (^) 

(52) 

II 

J 

(53) 

where  Rnrz(x)  and  Rman('C)  are  the  autocorrelation  functions  of  the  baseband  NRZ 
signal  and  the  baseband  Manchester  coded  signal  given  by  expressions  (26)  and  (28), 
respectively.  Substituting  (53)  and  (54)  into  (32),  we  obtain  the  autocorrelation  function 
R'(t).  The  power  spectral  density  of  the  crosstalk  due  to  four  wave  mixing  is  given  in  the 
Appendix.  Next,  we  substitute  (32)  and  (50)  into  (34)  to  obtain 

=0.10040  (54) 

Similarly,  substituting  (32)  and  (51)  into  (34),  we  obtain 

^DPSKMAN  =0.03SS9  (55) 

Substituting  expressions  (50)  and  (51)  into  (38),  we  obtain  WppsKjtRZ  =  0-5  and 
Wdpskman  =  0-5.  The  bit  error  ratio  of  the  heterodyne  DPSK  system  can  now  be  found 
as  [9] 


BER, 


DPSK  ~ 


Y 

2 


(56) 
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Using  expressions  (56),  (54),  (55),  (39)  and  (35),  we  obtain  the  numerical  value  of  BER 
of  the  DPSK  optical  multichannel  system  impaired  by  the  shot  noise  and  the  four  wave 
mixing. 

Fig.  6  shows  the  BER  for  the  8  th  channel*  of  a  16  channel  versus  the  optical  fiber 
input  power  for  several  values  of  the  fiber  length:  the  system  parameters  are  shown  in 
Table  I. 


Dynamic  Ranee 

The  Manchester  code  gives  a  2.1  dB  larger  dynamic  range  than  the  NRZ.  The 
minimum  power  due  to  shot  noise  is  the  same  for  NRZ  and  Manchester-coded  systems. 
According  to  Fig.  6,  the  maximum  transmission  distance  of  Manchester  coded  systems  is 
247  Km,  10  Km  more  than  that  of  NRZ  coded  system.  Table  II  compares  the  maximum 
transmission  length  of  DPSK  and  ASK  systems  utilizing  NRZ  and  Manchester  coding. 
The  largest  transmission  distance  is  achieved  using  Manchester-coded  DPSK  system. 


Table  II.  Maximum  transmission  length  for  a  16  channel 
WDM  system  (in  Km) 


Modulation 

Typ# 

ASK 

DPSK 

DS 

MAN 

220 

247 

NRZ 

210 

237 

NDS 

MAN 

271 

299 

NRZ 

261 

288 

*  Other  channels  have  better  BER. 
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VI.  NUMERICAL  RESULTS  AND  DISCUSSION 

A.  Maximum  Transmission  Length 

The  maximum  transmission  length  of  optical  WDM  systems  is  limited  by  the  shot 
noise  and  the  four  wave  mixing.  The  optical  fiber  input  power  corresponding  to  the 
minimum  BER  is  obtained  by  differentiating  expressions  (48),  (49)  and  (56)  with  respect 
to  Pp  and  setting  the  derivative  equal  to  zero.  The  maximum  transmission  distance  is 
obtained  by  substituting  that  value  into  expressions  (48),  (49)  and  (56)  for  ASK  and 
DPSK  systems,  respectively.  Fig.  7  shows  the  maximum  transmission  length  versus  the 
number  of  channels  for  various  modulation  schemes  and  coding  methods;  all  calculation 
are  for  the  worst-case  channel  (i.e.  channel  N/2).  The  four-wave-mixing  crosstalk  is 
maximum  for  that  channel.  The  upper  four  curves  are  for  the  non-dispersion  shifted 
(NDS)  fiber,  while  the  lower  four  curves  are  for  the  dispersion-shifted  (DS)  fiber;  fiber 
parameters  are  shown  in  Table  I.  All  curves  show  that  the  maximum  transmission  length 
decreases  with  the  number  of  channels. 

Manchester  coded  systems  have  the  maximum  transmission  distance  larger  than  that  of 
NRZ  coded  system  by  10  Km  for  both  DPSK  and  ASK  modulation  formats;  this 
conclusion  is  valid  for  both  kinds  of  fiber.  It  is  interesting  that  for  a  large  number  of 
channels  the  NDS  fiber  outperforms  the  DS  fiber.  The  reason  is  that  the  relatively  small 
core  area  and  improved  phase  matching  due  to  small  group  velocity  dispersion  increase 
the  four-wave  mixing  crosstalk  in  the  DS  fiber  as  compared  to  the  NDS  fiber  (the 
transmission  length  is  limited  by  the  FWM  rather  than  by  chromatic  dispersion  in  the 
particular  case  considered). 
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Fig.  7.  Maximum  transmission  length  versus  number  of  channels 


for  various  modulation  schemes  and  coding  methods. 


B.  Dynamic  Range  and  Power  Budget 


The  fiber  input  power  must  be  kept  between  the  minimum  value  Pmin  and  the 
maximum  value  P^ax  to  maintain  BER  below  10’^.  The  maximum  input  power  P^ax  is 
determined  by  the  four  wave  mixing,  and  the  minimum  value  Pmin  is  determined  by  the 
shot  noise.  The  maximum  and  minimum  input  powers  for  8  th  channel  of  a  16  channels 
WDM  system  needed  to  maintain  BER  below  10'9  are  shown  in  Fig.  8.  The  upper  four 
curves  are  the  maximum  input  power  for  various  coding  formats  and  optical  fiber  types 
and  the  lower  two  curves  are  the  minimum  input  power  for  the  same  coding  methods  and 
fiber  types.  The  ratio  of  the  maximum  power  to  the  minimum  power  is  defined  as  the 
dynamic  range,  and  is  an  important  factor  in  system  design.  For  example,  the  dynamic 
range  of  a  Manchester-coded  ASK  system  with  1  Gbps  bit  rate  and  100  Km  non¬ 
dispersion  sifted  fiber  is  38  dB,  as  shown  in  Fig.  8  a. 
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Fig.  9  shows  the  dynamic  range  of  a  16-channel  WDM  system  versus  the  length  of 
optical  fiber  for  two  fiber  types  and  various  modulation  and  coding  formats.  The  fiber 
parameters  are  the  same  as  in  Table  I.  The  curves  show  that  short-distance  systems  have 
a  large  dynamic  range  of  some  70  dB  but  as  the  transmission  distance  increases,  the 
dynamic  range  decreases,  and  falls  to  some  30  dB  at  100  Km.  Manchester-coded  ASK 
and  DPSK  100  Km  systems  have  some  2.0  dB  larger  dynamic  ranges  than  corresponding 
NRZ  systems. 


Power  Budget 

The  power  budget  is  defined  as  the  ratio  of  the  maximum  input  power  to  the 
minimum  receiver  power  needed  to  keep  BER  below  10'^.  For  example,  the  power 
budget  of  Manchester  coded  ASK  system  for  the  8  th  channel  of  a  16  channels  WDM 
system  with  1  Gbps  and  non-dispersion  shifted  fiber  is  about  58  dB  and  shown  in  Fig.  8 
a.  The  drop  of  the  power  budget  at  long  lengths  is  due  to  the  drop  of  the  maximum 
allowable  input  power  caused  by  the  four  wave  mixing.  For  very  long  fibers,  the 
maximum  power  level  remains  almost  the  same,  and  therefore,  the  power  budget  remains 
almost  the  same.  The  power  budgets  of  ASK  and  DPSK  systems  with  various 

Table  III.  Power  budget  of  100  Km.  16  channel  WDM  systems  (in  dB) 


l/l 

7il 

ASK 

DPSK 

DS 

MAN 

48.1 

53.6 

NRZ 

46.1 

51.5 

NDS 

MAN 

58.4 

63.9 

NRZ 

56.4 

61.8 
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modulation  formats  and  fiber  types  are  given  in  Table  III.  The  power  budget  of  DPSK  is 
some  5.5  dB  larger  than  that  of  ASK  system.  Manchester  coded  systems  show  about  2.0 
-  2. 1  dB  improvement  with  respect  to  NRZ  systems.  And  power  budget  of  systems  using 
NDS  fiber  is  10.3  dB  larger  than  that  of  systems  using  DS  fiber. 

C.  Polarization,  Chromatic  Dispersion  and  Interchannel  Interference 

The  state  of  polarization  of  the  received  wave  is  random  in  the  optical  fiber  system 
without  polarization  control.  As  a  result,  FWM  crosstalk  is  decreased  to  5/6  of  the  value 
expected  for  a  fixed  state  of  polarization  [10].  In  this  paper,  the  case  of  random 
polarization  is  considered,  so  that  all  our  results  apply  to  systems  NOT  employing 
polarization-preserving  fiber. 

The  chromatic  dispersion  can  produce  distortion  in  the  demodulated  waveform 
resulting  in  intersymbol  interference  in  the  received  signal  and  reduction  of  transmission 
system  performance.  The  chromatic  dispersion  limitations  for  coherent  system  were 
studied  by  many  authors  [1 1,12].  The  receiver  sensitivity  degradation  due  to  chromatic 
dispersion  has  been  observed  in  an  FSK  transmission  experiment  at  more  than  4  Gbits/s 
[11].  However,  transmission  experiments  from  1  to  2  Gbits/s  have  shown  that  the 
influence  of  chromatic  dispersion  on  FSK  systems  is  less  than  that  on  intensity- 
modulated  system  [12].  Receiver  sensitivity  degradation  due  to  chromatic  dispersion 
depends  on  the  modulation  and  demodulation  schemes  used.  The  transmission  distance 
limit  due  to  chromatic  dispersion  is  some  2,000  Km  for  1.55  pm  non-dispersion  shifted 
ASK  and  DPSK  systems  [13].  Since  the  transmission  distance  constraints  studied  in  this 
paper  are  less  than  2,000  Km,  the  impact  of  chromatic  dispersion  can  be  (and  is) 
neglected. 
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The  bandwidth  of  the  Manchester  coded  signal  measured  to  the  first  null  is  twice  that 
of  the  NRZ  bandwidth.  If  several  FDM  channels  are  being  transmitted,  then  a  coherent 
system  may  suffer  a  performance  degradation  stemming  from  crosstalk  generated  by 
intermodulation  interference.  Prior  work  showed  that  balanced  receivers  are  superior  to 
single  detector  receivers  in  multichannel  environment,  and  for  small  penalty  (below  1 
dB)  both  time  and  frequency  analysis  techniques  yield  essentially  the  same  results  [7]. 
Based  on  the  results  of  [7],  the  electrical  domain  channel  spacing  of  ASK  and  DPSK 
systems  can  be  set  as  shown  in  Table  IV.  The  maximum  required  electrical  channel 
spacing  for  the  four  systems  is  5.6.  The  optical  domain  channel  spacing  normalized  to 
bit  rate  is  [7] 

^opt  ~  ^n$i  2  ■  ftF  ■  ^  (57) 

where  Dnei  is  normalized  electrical  channel  spacing.  When  the  IF  frequency  for  the 
Manchester-coded  system  is  selected  to  be  2/Tj,,  Dopt  is  less  than  10.  Thus,  for  all 
systems  considered  in  this  paper,  the  optical  channel  spacing  of  10  bit  rates  is  adequate. 
Thus,  we  select  the  optical  channel  spacing  to  be  10  GHz  for  all  four  1  Gbits/s  systems 
investigated  in  this  paper. 

Table  IV.  Electrical  channel  spacing  normalized  to  bit  rate  of 
ASK  and  DPSK  systems  with  1  dB  penalty 


IMPACT  OF  FWM  ON  MANCHESTER  CODED  WDM  SYSTEMS  24 

VII.  CONCLUSIONS 

Wavelength  division  multiplexing  systems  are  fundamentally  limited  by  the  receiver 
shot  noise  and  by  the  fiber  four  wave  mixing.  In  this  paper,  we  analyzed  the  impact  of 
these  limitations  on  NRZ  and  Manchester  coded  systems.  The  minimum  receiver  power 
is  determined  by  the  shot  noise,  and  maximum  transmitter  power  is  determined  by  the 
four  wave  mixing. 

For  1.55  lim  dispersion  shifted  16  channel  ASK  systems,  having  10  GHz  channel 
spacing  and  1  Gbps  per  channel  bit  rate,  the  maximum  transmission  length  is  about  210 
Km  for  NRZ  and  220  Km  for  Manchester  codes,  respectively.  The  corresponding 
numbers  for  DPSK  systems  are  237  Km  and  247  Km,  respectively.  The  maximum 
transmission  length  of  the  ASK  system  using  non-dispersion  shifted  fiber  is  261  Km  for 
NRZ  and  271  Km  for  Manchester  codes,  respectively.  The  corresponding  numbers  for 
DPSK  systems  are  288  Km  and  299  Km,  respectively.  The  physical  reason  is  that  the 
transmission  length  is  limited  by  the  EWM  rather  than  by  dispersion  in  this  particular 
case. 

To  maintain  system  BER  below  10'^,  the  fiber  input  power  must  be  kept  between  the 
maximum  value  determined  by  the  fiber  four  wave  mixing  and  the  minimum  value 
determined  by  the  receiver  shot  noise.  The  ratio  of  the  maximum  input  power  to  the 
minimum  input  power  is  defined  as  the  dynamic  range.  The  dynamic  range  of  100  Km 
Manchester  coded  systems  is  some  2  dB  better  than  that  of  NRZ  systems  for  both  ASK 
and  DPSK  modulation  formats. 
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APPENDIX 

The  single-sided  power  spectral  density  of  the  noise  due  to  FWM  is  obtained  by  the 
Fourier  transform  of  the  autocorrelation  function  (32).  The  result  is  given  by  [6] 

^ASK  ..Nwz  (/)  =  "^  [5(/' )  +  37^  sin  (/’  7^ ) 

(f>0)  (A  1) 

(^DPSK.mz  if)  =  ~  (f>0)  ( A2) 


for  the  NRZ  coded  system,  where  f  ’=  f  -  f,p.  Similarly,  the  single  sided  power  spectral 
density  of  the  noise  due  to  FWM  is  given  by 


1  f'T 
•+— sin  — S-'l-sir 


(/)  =  ;^[5(/)  + +^sin  c^(^)  -  sinc'(/T,)^ 

SZ' 

~  ^  ^  '*■  <^(2/'  ^  ^  sin  (/Tj )  -I-  -  sin  i^-^)}] 


2  '  2 
(f>0)  (A3) 


^DPSKMAN  if) - 

4  2 


37* 

+^^;^(l  +  2smc(/T,)+|smc=(/T.)-Isinc’(^))  (f>0)  (A4) 


for  the  Manchester  coded  system. 
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Fig.  3.  Matched  filter  impulse  response  and  time  domain  signals 


for  ASK.  (a)  NRZ  coded  system,  (b)  Manchester  coded  system. 
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(a) 


(b) 


Fig.  5.  The  bit  error  rate  of  a  16  channel  ASK  coherent  WDM  system 
using  the  DS  fiber  versus  the  optical  fiber  input  power,  the  parameter 
is  the  transmission  distance.(a)NRZ -coded  system,(b)Manchester-coded  system. 
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(a) 
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Fig.  6.  The  bit  error  rate  of  a  16  channel  DPSK  coherent  system 

using  dispersion  shifted  fiber  versus  optical  fiber  input  power  the  parameter 

is  the  transmission  distance.(a)NRZ-coded  system ,(b)Manchester-coded  system. 
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Fig.  8.  Maximum  input  power,  minimum  input  power  and  system  dynamic  range 


and  system  power  budget  versus  optical  fiber  length  for  various  fibers 
and  modulation  formats.  (a)ASK.  (b)DPSK. 
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Fig.  9.  Dynamic  range  of  a  16  channel  WDM  system  versus 


optical  fiber  length  for  (a)ASK.  (b)DPSK  system'. 
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Abaoic^  Tlw  perfonnanoe  of  M«iirhwttr<odBd  optical  wavetaigth  diviaion  multipicotias  (WDM)  syatema  ia 
evahiaiad  into  dia  sbot  ooiae  and  dw  four  wiwa  mntim  (FWM)  canaod  by  fiber  noolineantia.  The 

remit  ia  compered  to  coaventioiial  ASK  noo-retnni^o-zeto  (NRZ)  systtaa.  For  l.SS  lun  16  channel  WDM 
syatema,  the  dynamic  fanaa  of  Mancheater  coded  syatema  ahowe  a  2.0  dB  improvemat  with  reaped  to  NRZ.  This 
result  holds  true  for  both  disparsKMMUlted  fiber  and  conventional  fiber  it  haa  been  oMained  for  10  Gib  channel 
spacing,  1  Gbpa/channel  bit  rme. 


INTRODUCTION 

The  perfbrmanoe  of  optical  WDM  systems  may  be  degraded  by  the  four  wave  mixing 
(FWM)  due  to  nonlinearities  of  optical  fibers  [1,2].  When  two  or  more  optical  waves 
having  different  wavdengtiis  travd  through  an  optical  fiber,  FWM  may  produce  new 
optical  waves  at  otiier  wavelengths.  The  new  optical  waves  may  lead  to  crosstalk  [3]. 
Previous  studies  investigated  FWM  in  non-retum-to  zero  (NRZ)  systems  only,  and 
neglected  other  noise  sources,  such  as  shot  noise  [4].  In  addition,  the  bit  error  rate  was 
calculated  in  previous  studies  under  the  assumption  diat  die  entire  power  of  the 
interference  due  to  FWM  falls  into  the  signal  bandwidth. 
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In  this  paper,  the  performance  of  optical  WDM  systems  using  the  Manchester  coded 
ASK  modulation  format  is  evaluated.  Our  analysis  takes  into  account  the  shot  noise 
originating  from  the  light  detection  process  and  FWM  noise  resulting  from  the  optical 
fiber  nonlinearity.  Our  analysis  does  take  into  account  the  spectral  distribution  of  FWM, 
and  so  is  believed  to  be  more  accurate  than  previous  studies. 

WAVELENGTH  DIVISION  MULTIPLEXING  SYSTEM  AND 
FOUR  WAVE  MIXING 

The  block  diagram  of  an  optical  WDM  system  enqrfoying  Manchester  coding  is 
shown  in  Fig.  1  a.  Encoders  are  used  to  convert  NRZ  data  to  Manchester-coded  datai  To 
investigate  the  impact  of  FWM  on  an  N-channei  optical  WDM  system,  we  use  the  first 
order  nonlinear  differential  equation  that  governs  optical  wave  propagation  in  a  nonlinear 
medium.  For  die  case  of  li^t  with  a  finite  spectral  width,  this  equation  looks  as  follows 
[1]: 

^£,(o,r)— )«p(yAfe) 

dz  2  ^  nc 

(1) 

where  it  is  — mw*  diat  the  light  propagates  along  the  z  axis;  E  is  electric  field  in  the 
optical  fiber,  ca  is  angular  light  frequency;  n  is  fiber  core  refractive  index;  c  is  velocity  of 
light  in  vacuum;  a  is  fiber  power  attenuation  coefficient,  Xiiii  third  order  nonlinear 
susceptibility;  D  is  degeneracy  factor;  |X,v  and  p  »  1,2"*  N;  and  Ak  is  phase  mismatch. 
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The  nonlinear  tenn  due  to  four  wave  mixing  is  represented  by  the  double  ooovolutiin  of 
the  electric  fields  of  three  channels. 

The  block  diagram  of  an  ASK  receiver  is  shown  in  Fig,  1  b.  Solving  expression  (1), 
the  output  voltage  of  balanced  receiver  is  obtained  [5]: 


Vrit)  =  ■  exp(-a  •  L  /  2){^P^(t)cos[o)art + ^^(r)] 

+ /i(r)sin[ai^r + +/»(0 

where  Pp(t)  and  ^t)  are  the  signal  power  and  phase  at  the  fiber  input  and  the  noise  n(t) 
includes  the  shot  noise  originating  from  the  detection  process  and  die  noise  due  to  FWM 
given  by 


«(r) = (3) 

I  Me 

where  the  phase  mismatch  factew  denotes  the  ratio  of  the  power  of  the  generated  waves 
without  phase  matching  to  dieir  power  with  phase  matching.  The  phases  ^(t)  generated 
by  FWM  are  regarded  as  independent  randont  variables  to  simplify  the  analysis.  The 
parameter  k  is  given  by 


32x^ 


(4) 


where  Lefr  is  the  fiber  effective  lengdi  and  A«(f  is  the  effective  fiber  core  area. 

The  signal'to-noise  ratio  y  defined  as  die  ratio  of  die  signal  power  to  the  noise  power 
at  point  B  of  Fig.  1  b  given  by 
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k[2K^I^V^  +  qW/RTyP^] 

where  k=l  for  the  NRZ-coded  ASK  system  and  k=4  for  the  Manchester>coded  ASK 
system.  The  parameters  and  W  are  defined  by 


•Si>^  (6) 

^4  ix,v 

(7) 


where  R(t)  is  the  autocorrelation  iimction  of  die  optical  signal  in  each  WDM  channel. 
Equation  (5)  shows  that  at  some  value  of  Pp,  a  peak  value  of  y  is  reached  corresponding 
to  the  optimum  system  performance. 

We  assume  that  a  matched  filter  is  used  in  the  receiver.  The  bit  error  ratio  of  the 
heterodyne  ASK  system  is  given  by 


BER 


ASKjaa 


BER 


Aajaii 


■H-t1 

■H-;i 


(8) 

(9) 


Using  expressions  (S),  (8)  and  (9),  we  obtain  the  numerical  value  of  BER  of  the  ASK 
multichannd  system  impaired  by  die  shot  noise  and  the  four  wave  mixing. 
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NUMERICAL  RESULTS  AND  DISCUSSION 

Bit  Error  Rate 

Fig.  2  shows  BER  for  the  8th  channel*  of  a  16  channel  WDM  system  using  a 
dispersion  shifted  (DS)  fiber  versus  the  optical  fiber  input  power  for  several  values  of  the 
fiber  length.  Inspection  of  Fig.  2  shows  that  the  maximum  transmissiott  distance  of  a 
Manchester  coded  system  using  dte  dispersion  shifted  fiber  is  220  Km,  and  is  about  10 
Km  longer  than  that  of  the  NRZ  system.  The  assumed  system  parameters  are  as  follows: 
fiber  refractive  index  1.47,  wavelengdi  1.55  pm,  attenuation  coefficient  02  dB/Km, 
channel  q>acing  10  GHz,  bit  rate  1  Gbit/s,  effective  core  area  32  x  pm^  for  non- 
dispersioa  shifted  fiber  (NDS)  and  16'X  pn^  for  DS  fiber,  and  group  velocity  dispersion 
15  pa/Km*nm  for  NDS  and  1  pa/Km-nm  for  DS. 

Dynamic  Ranoe 

The  maximum  and  mminrom  input  power  for  8tfa  channel  of  a  16  channel  WDM 
system  needed  to  maintain  BER  below  10*^  are  shown  in  Fig.  3.  The  ratio  of  the 
maximum  power  to  the  minimum  power  is  defined  as  the  dynamic  range.  Manchester- 
coded  ASK  system  have  some  2  dB  larger  dynamic  range  than  the  corresponding  NRZ 
systems. 

Power  Rndyet 

The  power  budget  is  defined  as  the  ratio  of  the  maxinmm  input  power  to  die  minimum 
receiver  power  needed  to  keep  BER  below  10-*  The  drop  of  the  power  budget  at  long 
fiber  lengths  (see  Fig.  3)  is  due  to  the  drop  of  die  maximum  allowable  input  power 
caused  by  the  four  wave  mixing.  Manchester  coded  systems  show  about  2  dB 


*  Other  chennels  have  better  BER. 
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improvement  with  respect  to  NRZ  systems;  the  power  budget  of  systems  using  NDS  fiber 
is  10.3  dB  larger  than  that  of  systems  using  DS  fiber. 

SUMMARY 

Wavelength  division  multiplexing  systems  are  fundamentally  limited  by  the  receiver 
shot  noise  and  by  the  fiber  four  wave  mixing.  In  this  paper,  we  analyzed  the  impact  of 
these  limitatitms  on  NRZ  and  Manchester  coded  systems.  For  1.55  pm  dispersion-shifted 
16  channel  ASK  systems,  having  10  GHz  channel  spacing  and  1  Gbps  per  channel  bit 
rate,  the  Tnarirnitm  transmission  length  is  about  210  Km  for  NRZ  and  220  Km  for 
Manchester  codes,  respectively.  The  maximum  transimssion  length  for  non-dispersion 
shifted  fiber  is  51  Km  more  dian  the  corresponding  modulation  and  coding  foruat.  The 
dynamic  range  of  100  Km  Manchester  coded  systems  is  some  2  dB  better  than  that  of 
NRZ  systems. 
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nCURE  CAPTIONS 

Fig.  1.  (a)  Block  diagram  of  an  optical  wavelength  division  multiplexing  system, 
(b)  A  Heterodyne  ASK  Receiver. 

Fig.  2.  The  bit  error  rate  of  a  16  channel  ASK  coherent  WDM  system 
using  DS  fiber  versus  the  optical  fiber  input  power, 

the  parameter  is  the  transmission  distance,  (a)  NRZ  code  ,(b)  Manchester  code. 


Fig.  3.  Maximum  input  power,  minimuin  input  power  and  system  dynamic  range 
and  system  power  budget  versus  optical  fiber  lengdi 
for  various  fibers  and  coding  fonnats. 
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Hg.  1.  (s)  Block  diagrn  of  ail  optkilwftvelaigihdiviaioamiiUplexjiig  system, 
(b)  A  iKModyw  ASK  Receiver. 
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Fig.  2.  Thebitecrarnieofa  1 6  chmd  ASK  cohevent  WDM  system 


’jsmg  DS  fiber  versos  the  optical  fiber  input  power; 

the  paameier  is  tbe  traasmimioB  distance,  (a)  NRZ  code  ,(b)  Manchester  code. 
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The  performance  of  Manchester-coded  optical  wavelength  division  multiplexing  (WDM)  systems  is  evaluated  taking 
into  account  the  shot  noise  and  the  four  wave  mixing  (FWM)  caused  by  fiber  nonlineiridea.  The  tesnlt  is  compared  to 
conventitmal  non-retum-to-zero  (NRZ)  systems  for  ASK  and  DPSK  modnlalioa  fomaln  Further,  the  dynamic  range, 
defined  as  the  ratio  of  the  maximum  transmitter  power  (limited  by  the  FWM)  to  the  minimum  transmitter  power  (  limited 
by  receiver  sensitivity)  is  evaluated.  For  1.55  |tm  16  channel  WDM  systems,  the  dynamic  range  of  Manchester  coded 
systems  shows  a  2  dB  improvement  with  respect  to  the  NRZ;  DPSK  systems  outperform  ASK  systems  by  5.5  dB.  This 
result  holds  true  for  bodi  dispeision  shiftefl  fiber  and  conventitmal  fiber;  it  has  been  obtained  for  10  GHz  chamiel  spacing, 

1  Gbps/chaimel  bit  rate  and  100  Km  transmission  length. 

1.  INTRODUCTION 

Future  multichannel  optical  transmissioa  systems  will  utilize  the  large  bandwiddi  of  single  mode  fibem  asing 
wavelength  divisioa  multiplexing  (WDM).  The  perfotmance  of  optical  WDM  systems  may  be  degraded  by  the 
nonlinearities  of  optical  fiben‘-*.  One  hnpoftant  fiber  nonlinearity  is  four  wave  mixing  (FWM).  This  effect  occurs  when 
two  or  more  optical  waves  at  different  wavelengths  mix  to  prod^  new  optical  waves  at  other  wavelengths.  The  new 
optical  waves  may  lead  to  ciosstalk^'^. 

Several  studies  of  four  wave  mixing  in  WDM  communication  systems  have  been  published*'^.  These  studies  showed 
that  the  FWM  crosstalk  limits  the  mnnber  of  channels,  the  maximum  allowed  input  power  per  channel  and  the  channel 
frequency  separation.  The  allowed  power  per  channeL  fisr  a  given  number  of  channeto  and  a  given  frequency  separation, 
depends  on  the  fiber  dispetsiaa  and  attenuatioo.  Previoua  studies  took  into  account  FWM  only,  and  neglected  other  noise 

soufces.  sudi  at  shot  noiae.  fa  addition,  the  bit  error  rare  in  previous  studies  ivaa  calculated  under  the  assumption  that  the 

entire  power  of  tire  interference  due  to  FWM  fells  into  tire  sigoal  bandwidtiL 

fa  this  paper,  tire  perfonnanoe  of  optical  Manchester  coded  WDM  systems  is  evahiated  Our  analysis  takes  into 
account  the  shot  noise  origmating  from  tire  detection  procem  and  FWM  noise  resulting  from  tire  optical  fiber 
nonlinearity.  These  two  effects  limit  tire  tranamiseion  distance  as  fi}Uows;  tire  noalinearity  of  tire  optical  fiber  limits  the 
maximum  ttansmissiaa  power,  and  tire  shot  noiae  origmating  from  tire  detection  procesa  liiniis  tire  minimum  receiver 
power.  The  ratio  of  tire  maximum  tmanitrer  power  launched  into  tke  fiber  to  the  minimum  receiver  power  limits  the 
acceptable  atrenuation  and,  therefore,  tire  nmimam  transmisaion  length.  We  rimw  tint  Mmclresier  codmg  reduces  the 
impact  of  FWM  on  WDM  systems.  Our  aaalysia  does  take  into  account  tire  spectral  distribution  of  FWM,  and  so  is 
believed  to  be  more  sccurste  than  prevkMS  studies. 

The  rest  of  this  paper  is  organized  is  fijUowt.  The  system  block  diagnun  and  tire  FWM  are  discussed  in  Section  11. 
Receiver  output  signal  and  noises  sre  described  in  Section  HI.  Section  IV  deals  with  autocorrelation  ffaretions  for  NRZ 
and  Manchester  codes  and  tire  signel-to-ooiae  ratio.  Bit  error  rate  is  evalual^  in  Section  V.  Numerical  results  and 
discussion  are  contained  in  Section  VL  Finally,  Section  VII  contains  tire  conclusions  of  this  paper. 

2.  WAVELENGTH  DIVISIOW  MULTIPLEXING  SYSTEM  AND 
FOim  WAVE  MIXING 

The  block  diagram  of  an  optical  WDM  system  employing  Manchester  coding  is  shown  in  Fig  I.  Encoders  are  used  to 
convert  NRZ  data  to  Manchester-coded  dsta.  The  matched  filter  is  used  as  a  decoder  in  tire  receiver.  We  assume  that  all 
transmitten  use  tire  same  modulation  format. 


t 


Fig.  1 .  Block  dUgum  of  u  optical  wavelcagik  divisioa  nmjtiplcxiiig  system. 

To  investigate  the  impact  of  FWM  on  the  N-channel  t^cai  WDM  system,  we  toe  the  fint  onler  aooliaear  diflereatial 
equatitm  that  governs  the  optical  wave  (xopagation  in  a  nonlinear  medium.  For  the  case  of  light  with  a  finite  spectral 
width,  this  equation  looks  as  follows': 

dr  2  “  nc 


cxp(-|ar)Jdn»'£da)''£;.,.^  «»'  +  -  a))-  E^((o')  ( 1 ) 

where  it  is  assumed  that  the  li^  propagates  along  die  z  axis,  E  is  elecihc  field  in  the  optical  fiber,  m  is  angular  light 
frequency,  n  is  fiber  core  refractive  index,  c  is  the  velocity  of  light  in  vacuum,  a  is  the  fibo'  power  attenuation  constant, 
Xint  >s  order  nonlinear  susceptibility,  D  is  the  degeneracy  fiictor,  ^,v  and  p  ~  1,2—  N  and  Ak  is  the  phase  mismatch 
given  by* 


6k = -4^-pX/,  -4«-p)/c  (2) 

where  C  is  the  group  velocity  dispersian  (G.V.O.).  In  the  derivation  of  (I),  it  is  assumed  that  the  field  depletion  due  to 
FWM  is  small,  so  that  die  field  ampUtude  is  redu^  solely  by  fiber  atteniuitinn  This  assumption  is  valid  when  the  field 
amplitude  of  the  incident  light  at  the  fiber  input  is  much  larger  than  that  of  the  converted  wave  at  the  fiber  end.  Nonlinear 
term  due  to  four  wave  mixing  is  represented  by  the  double  convolution  of  die  electric  fields  of  three  channels.  Expression 
(1)  is  a  first  order  nonhomogeneous  difSetential  equation.  We  can  obtain  the  solution  at  z-L: 

nf,  nc 

where  the  fiber  attenuation  u  and  the  effective  length  in  the  presence  of  duperskn  Le  are  given  by 

u^exp(-a  -1/2) 

,  l-u*expC/AkL) 
a~J6k 

Taking  the  inverse  Fourier  ttansferm  of  (3),  we  obtain  die  complex  amplitude  of  the  electric  field  in  die  time  domain: 


(3) 

(4) 

(5) 


E.it.L)  =  M'|V4Wexpt/#p(0l+ X 

where  u'  is  defined  by 


(6) 


i/  ^‘U/d 


(7) 


where  d,  the  ctmversioa  &ctor  between  power  and  electric  field,  is  defined  by' 


where  A,ff  is  the  ef&cthre  core  area  of  the  optical  fiber.  In  equation  (6),  Pp(t)  and  ^pCt)  are  the  signal  power  and  phase  at 
the  fiber  input,  and  Pa(t)  and  ^a(t)  are  the  power  and  phase  of  the  optical  noise  process  due  to  FWM  given  by 

«,(0=dM(0  +  A(0-^„v-p(0+^^(iJ-|  (10) 

where  the  i^iaae  mismatch  factor  q  denotes  the  ratio  of  the  power  of  the  generated  waves  withoot  phase  matching  to  their 
power  with  phase  matching.  The  parameters  k  and  q  are  given  by 


ir 


‘■t. 

n'cA 


(11) 


g'  4exp(-at)sin'(Aitt  /  2) 

o'+A*'  {l-exp(-aL)}' 


where  Ltcr  is  the  fiber  effective  length. 


(.12) 


PL  RECEIVER  DESCRIPTIOW 

We  consider  ASK  and  DPSK  modulatkm  fixmats  in  this  paper.  The  block  diagrams  of  ASK  and  DPSK  receivers  are 
shown  in  Fig.  2.  We  assume  the  kmpass  filter  just  removes  the  second  hannooic  components  resulting  fiom  the  delay* 
and-muhiply  demodulator  without  cbanghig  the  baseband  componetUs  in  the  DPSK  receiver  of  Fig.  2  b. 

In  a  multichannel  system,  complex  amplitiides  of  the  received  optical  signal  and  local  oscillalor  field  are  given  by^ 


Es 


(13) 


^LO  * 


(14) 


where  Ep(tX)  is  the  complex  amplitude  of  channel  p,  N  is  the  total  numbm  of  optical  diamiels,  Plo  is  the  local  oscillator 
power,  d  was  defined  in  expressum  (8)  and  Elo  is  the  electric  field  of  the  local  oscillator.  We  assume  that  the  channel 
separation  is  large  enough  to  neglect  die  inter-channel  crosstalk^.  The  directional  coupler  output  amplitudes  are  dien: 

=  (15) 

=  (16) 

The  resulting  photocurrents  are 

i,(f) » W  +  Zu'X  VW^«os(d^(r)-  #.(01 

^  M.V 

+2m^X  X V^-COfiCO cos(#.(r)- #,(r)l 

+2tL^{y  p^(t)  +  »i,(r)]cos(aij^ + #^(/)l+ /I,(t)sin(a>^r + #p(t)]}}+«i(0  07) 


SV^(0^cos(#.(0-#.(01 

tty 

-2«V^{[V^p(0 + »i.(o]coa(®,r + #p(r)l + n(r)sin[»yr + #,(f)])}  +«:(0  ( 1 8) 

where  PnCt)  and  P,’(*)  ste  the  noiae  powers  of  p-th  channel  cotiespouding  to  p,v  and  p'.v',  respectively,  R  is  the 
photodetector  responsivity,  ni(t)  and  n2(t)  are  stM  noises  origioBting  ftom  the  detection  process,  and  the  in-phase  and  the 


quadrature  components  of  noise  are  given  by 

".(O^XV^sitt^p^CO  09) 

yy 

".(O^SV^cosd^d)  (20) 

yjf 

The  phase  change  due  to  FWM  is  given  by 

#Mvp(0=#M(0+#v(0-#<,(0-#«n»(0+^r?(f..)  (21 ) 

The  phases  #^vp(t)  are  regarded  as  independent  random  variables  to  simplify  the  analysis.  The  resulting  output  voltage  is 
W  *  «.(f)]coa(a»^  +  #^(f)I + «.(f  )sin(<»fl,r + d^it)!}  +  n(t)  ( 22 ) 


where  the  amplitude  A  and  the  shot  noise  n(t)  are  given  by 


A-2Jiu^Puf  (23) 

«(f)  =  «.(0-«i(0  (24) 


4.  CODING  METHnnS  AND  SIGNAL-Tn-lwniSB  RATIO 
4. 1  Power  Spectral  Density  of  Coded  SiynaJa 

The  signal'to-noiae  ratio  for  conventional  NRZ  coded  signals  and  Manchester  coded  signab  are  given  ■  dus  le 

the  case  of  unipolar  KRZ,  the  binary  I  is  represented  by  a  hitter  level  (+A)  and  the  binary  0  is  represented  by  a  zero  level 
(0).  In  the  Mimehester  code,  the  binary  I  is  represented  by  a  positive  pulse  occupying  S0%  of  a  bit  slot  followed  by  a 
negative  pulse  of  the  same  duratioa.  Similarly,  a  binary  0  is  represented  by  a  negative  puhe  followed  by  a  positive  pulse. 

The  baseband  power  spectral  density  (PSD)  of  NRZ  signal  is  given  by* 


Gs„i/)  =  T,sm^(jr,)  (25) 

where  Tb  is  bit  period,  and  the  bit  rate  is  Rb"l/Tb;  the  total  signal  power  is  normalized  to  unity.  The  autoconeiatioa 
function  of  die  baseband  NRZ  signal  is 


M>n 


(26) 


The  baseband  power  spectral  density  of  the  Manchester<coded  baseband  signal  is  given  by* 


(?,«/»(/)  =  ns»oc'(yr»/2)sin'(J9fr»/2)  (27) 

The  bandwidth  of  the  Manchester-coded  signal  measuied  to  the  first  null  is  twice  that  of  the  NRZ  bandwidth.  The 
Manchester-coded  signal  has  a  zero  dc  level  on  the  bit  by  bit  basis.  Moreover,  long  strings  of  zeros  do  not  cause  a  loss  of 
the  clocking  signal  The  Manchester-ooded  signal  is  generated  by  multiplying  fiequency-doubled  bit  clock  with  the  NRZ- 
coded  signal  The  antoconelation  Itanction  of  die  Manchester-coded  basebiuid  signri  is  given  by 


0  (r|>r. 


4  2  SigHAl.t»vNQiae  Ratio 


(28) 


The  matched  filter  output  voltage  at  the  terminal  B  of  Fig.  2  is  given  by 


(29) 


W)  =  f =  +  f  n(i)/i(r»  -OA 


where  h(t)  is  impulse  tespoose  of  the  matched  filter.  The  first  term  gives  the  signal,  and  the  second  term  is  a  zero-mean 
Gaussian  random  variable;  its  variance  is  given  by 

where  R|i(ti-t2)~E[n(ti)n(t2)]  is  the  autoconelatioo  functxxi  of  the  noise. 

Assume  that  all  channels  use  the  same  modulation  format  and  have  the  same  power.  Then,  from  expressions  (19)  and 
(20),  the  autoconeladon  function  of  the  noise  due  to  FWM  is  given  by 

where  R'Ct)  is  given  by 

/f{T)=/i*(T)cosa»yT  (.^2) 

where  R(t)  is  the  autocorrelatiaa  function  of  each  signaL  An  explicit  expression  for  R('C)  will  be  given  in  Section  V  for 
each  modulatioa  and  coding  fbnnat  investigated  in  this  paper.  Substituting  (31)  into  (30),  we  obtain  the  variance  of  FWM 


where  and  an  defined  by 


5^  =  12^7 


The  autocomlation  fimction  the  shot  noin  is  given  by 


Substituting  (36)  into  (30)  we  obtain  the  variance  of  the  shot  noise; 

<T^  =  qXPioTJF 

when  W  is  given  by 


>  =  A^(r.-t)df 


(38) 


Therefore  the  total  signal-to-ooise  ratio  y  defined  as  the  ratio  of  the  signal  power  to  the  noise  power,  is  given  by 


= _ ! _  (39) 

^  4*(<rJ„+<T|,)  k[2K^[iV^S^+qWIRT,u^P^\ 

where  k>4  for  the  Manchester-coded  ASK  system  and  k- 1  for  the  three  other  tnodolahon  and  oodiag  fotmats  considered  in 
this  paper.  This  equation  shows  that  as  the  input  signal  power  Pp  incieaset,  the  signal-siMioise  tatio  ynot  aoeases  due  to 
the  relative  suppression  of  the  shot  noise,  and  then  decreases  due  to  the  FWM.  Thus,  at  some  value  of  Pp,  a  peak  value  of  y 
is  reached  corresponding  to  the  optimum  system  performance. 


Bit  Error  Rate 

We  first  the  ASK  receiver  shown  in  Fig.  2  a.  We  assume  diat  a  matched  filter  is  used  in  the  receiver.  The 

impulse  responses  of  the  matched  ftlten  for  the  NRZ  and  Manchester  coded  ASK  signals  are  given  by 


fcos®^  for  t€[0,r*] 

(0=1  g  t«[o,rj 

=  {  0  /or  all  t 


cos<»irr  for  /€(r»/2,r»J 
0  for  r«(r»/2,rj 


costUipr  for  re[0,f»/2] 
0  for  r«[0,r»/2] 


To  find  the  noise  variance  due  to  fonr-wave-mixing,  wo  need  the  autocorrelation  function  R(t)  of  each  ASK  signal: 

where  the  baseband  amoooneiatioa  fimctions  RnrzCO  Rman(0  a*®  8*^'*®  e*|W**®ons  (26)  and  (28)  respectively. 
Substituting  (44)  and  (45)  into  (32),  we  obtain  die  autocorrelation  flmction  R’(t).  Next,  wo  substitute  (32)  and  (40)  into 
(34)  to  obtain 

=0.01916 

Similarly,  subsntuting  (32)  and  (42)  into  (34),  we  obtain 


VlsKMAH  =0.00385 


Substituting  (40)  and  (42)  into  (38),  we  obtain  Wasicnrz  *  0-5  and  Wasiu^  ”  ®  25. 

Thebitoror  ratio  oftbe  heterodyne  ASK  system  is  given  by’ 

Using  expressions  (48),  (49),  (46),  (47),  (39)  and  (35),  we  obtain  the  numerical  vaine  of  BER  of  the  ASK  multichannei 
system  impaired  by  the  shot  noise  and  the  four  wave  mixing. 

Fig.  3  shows  BER  for  the  8  tfa  channel*  of  a  16  channel  WDM  system  using  a  disperskm  shifted  (DS)  fiber  versus  the 
optical  fiber  input  power  for  several  values  of  the  fiber  length;  the  assumed  system  parameters  are  given  in  Table  I. 
Inspection  of  Fig.  3  shows  that  an  increase  of  the  input  power  results  in  a  decrease  of  the  BER  for  small  powers  and  in  an 
increase  of  the  BER  fbr  large  input  powers.  The  increase  of  BER  at  high  powers  is  due  to  the  FWM  that  is  proportional  to 
the  cube  of  the  signal  power. 


The  system  dynamic  range  is  defined  as  die  ratio  of  the  maximum  transmitter  power  to  the  minimum  trananutter  power 
needed  to  maintain  BER  below  10*’;  a  more  detailed  descriptiao  is  ctmtained  in  S^on  VI-B.  Fig.  3  shows  that  at  100  km 
the  dynamic  range  of  a  Manchester-coded  system  is  about  2.0  dB  larger  dian  that  of  an  NRZ  system.  The  maximum 
allow^le  power  lor  the  Maiicheater>coded  system  is  2.0  dB  larger  than  that  fat  the  NRZ  coded  system,  and  receiver 
sensitivity  for  the  Manchestor  coded  system  is  as  tht  fbr  the  NRZ  systeoL  The  maximum  transmission  distanrr  of  a 
system  using  Manchester  code  is  220  Km,  about  10  Km  longer  than  that  of  the  NRZ  system. 


Bit  Error  Rata 

Fig.  2  b  shows  a  block  diagram  of  a  DPSK  receiver.  The  impulse  leqwnsee  of  the  matched  filters  for  NRZ  and 
Manchester  coded  DPSK  signals  are  given  by 


ASK-NRZ  ASK-Manchester 


60  -30  0  10  -SO  -30  0  10 


Tranwnittar  Powar,  dSm 
(a) 


Tranamittar  Powar,  dBm 


Tie.  3.  Tha  bit  •nor  iM  of  a  16  chaaaai  ASK  cohaiaW  WDM  lynam 
utiaa  lha  OS  fibw  vftau  iba  optical  fiber  iapal  powar  lb*  paoaiMtr 
if  tb*  ctaanaaiiM  dinaaca.  (a)  NKZ-codwi  lytlm.  (b)  MaacbMiar«odad  ayalaiB. 


Other  channels  have  better  BER. 


Table  I.  System  panmeten 


Refractive  Index,  n 

1.47 

Wavelength,  x 

1 .55  um 

Attenuation  Coefficient,  « 

0.2  dB  /  Km 

Channel  Spacirtg 

10  GHz 

Bit  Rate 

1  Gbps 

Effective  Fiber  Core  Area,  A^ 

NOS  Fiber 

32  It  pm  ^ 

OS  Fiber 

16  n  pm  * 

Group  Velocity  Dispersion,  C 

NOS  Fiber 

1 5  ps/Km  4im 

OS  Fiber 

1  ps/Km  om 

^DnxjaziO  — 


[cosm,^ 

for 

t6[o.rj 

i  0 

for 

-cosmy 

for 

r6(0.r*/2l 

COS(0^ 

for 

r€ir»/2.r,i 

0 

for 

»«[o.r.] 

(50) 


(51) 


To  find  the  noise  varisnee  doe  to  fbur  wave  mixing  we  need  the  autoconelatioa  ftmetioa  R(t)  of  each  DPSK  signal: 


^OKKJUlt  ~ 

where  Rnrz('^)  sod  Rman('<)  ^  Ae  autoconelatioa  Amctkns  of  the  baseband  NRZ  signal  and  the  baseband  Manchester 
coded  signal  given  by  expressioos  (2$)  and  (28),  respectively.  Substituting  (S3)  and  (54)  into  (32),  we  obtain  the 
autoconelatioo  Ametioo  R'(t).  Next,  we  substitute  (32)  and  (50)  into  (34)  to  obtain 

=0.10040  (54) 

Similarly,  substituting  (32)  and  (5 1)  into  (34),  we  obtain 


=0.03889 


(55) 


Substituting  expressioas  (50)  and  (51)  into  (38),  we  obtain  WoniLNRZ  ~  0.5  and  Wdpskjman  ~  0.5.  The  bit  error  ratio  of 
the  heterodyne  DPSK  system  can  now  be  as* 


BER, 


one 


-H-x] 


(56) 


Using  expressioas  (56),  (54),  (55),  (39)  and  (35),  we  obtain  the  numerical  value  of  BER  of  the  DPSK  optical 
mulhchannei  system  impaired  by  tbs  shot  noise  and  the  fbur  wave  mixing.  Fig.  4  shows  the  BER  for  the  8  th  channel*  of  a 


Other  channels  have  better  BER. 


16  channel  versus  the  optical  fiber  input  power  for  several  values  of  the  fiber  length;  the  system  parameters  are  shown  in 
Table  1. 


Dynamic  Ranye  anri  Transmi^im^  TTi’itanrB 

The  Manchester  code  gives  a  2. 1  dB  larger  dynamic  range  than  the  NRZ.  The  minimum  power  due  to  shot  noise  is  the 
same  for  both  NRZ  and  Manchester-coded  systems.  According  to  Fig.  4,  the  maximum  transmisskMi  distance  of 
.'Manchester  coded  systems  is  247  Km,  10  Km  more  than  that  of  NRZ  coded  system.  Table  II  compares  the  maximum 
transmissirm  length  of  DPSK  and  ASK  systems  utilizing  NRZ  and  Manchester  coding.  The  largest  transmission  distance  is 
achieved  using  Manchester-coded  DPSK  systems. 


Fig.  4.  The  bit  mor  Mi  of  a  16  chaaail  DPSK  cohenat  lyMm  usiiig  DS  fibor  venus  optical  fiber  ioput  power 
the  piiiiiMiiii  the  txaamaiiioa  diMaoe.  (a)  NRZ^oded  (yMm,  (b)  MaacbeMr^odad  lyMoL 


Table  Q.  Maximum  tnaaniitioB  length  (ia  Km)  fi>r  a  16  channel  WDM  lyMni 


ASK. 

DPSK 

OS 

MAN 

220 

247 

NRZ 

210 

237 

NOS 

MAN 

271 

299 

NRZ 

281 

288 

ERICAL  RESULTS  AND  DISCUSSION 


6.1.  Maximum  Tnm.emi<inwm  Tmiytfc 

The  maximum  triwiigiioo  length  of  opticil  WDM  systems  is  limited  by  the  shot  noise  and  the  four  wave  mixing. 
The  optical  fiber  input  power  coeteapomlii^  to  the  minimum  BER  is  obtained  by  diflerentiating  expressions  (48),  (49)  and 
(56)  with  respect  to  Pp  and  setting  the  derivnhve  equal  to  zero.  The  maximum  transmissioo  distance  is  obtained  by 
substituting  value  into  expiesiiooa  (48),  (49)  and  (56)  for  ASK  and  DPSK  systems,  respectively.  Fig.  5  shows  the 
maximum  transmission  length  versus  the  number  of  channels  for  various  moduiatioD  schemes  and  coding  methods;  all 
calcuiatioa  are  for  the  wort-case  rhuiMti  (te.  channel  N/2).  The  four-wave-mixing  crosstalk  is  maximum  for  that 
cha  inel.  The  upper  four  curves  are  for  the  noiHlispersion  shifted  (NDS)  fiber,  while  the  lower  four  curves  are  for  the 
dispermon-shifted  (DS)  fiber;  fiber  perameters  are  shown  in  Table  I.  All  curves  show  that  the  maximum  transmission 
length  decreases  with  the  number  of  channeis. 


Manchester  coded  systems  have  the  maximum  transmissicm  distnee  larger  than  that  of  NRZ  coded  system  by  10  Km 
for  both  DPSK  and  ASK  modulatioo  formats;  this  exclusion  is  valid  for  both  kiads  of  fiber  DPSK  system  outperform 
ASK  sysieaia,  and,  fora  large  number  of  channels,  NDS  fiber  outpeifonns  OS  fiber.  The  reason  is  that  the  relatively «««» 
core  area  and  improved  phroe  nuadnog  dee  to  small  group  velo^  dispernon  mergsef  (be  four-wave  mixaig  ctoeatalk:  m 
the  OS  fiber  as  compart  to  the  NDS  fiber  (the  tnmsmissioo  length  is  limited  by  the  FWM  rather  than  by  chromatic 
dispersion  in  die  paiticuiar  case  coisidered). 


Numb«r  of  channoto,  N 

Fi^.  t  f fiffiimnit  tnnmritirfti  |-igt>  ntmti  niimhw  nf rhwotli 
(or  vwioiM  inodiilatioa  sclMOM  aad  codiag  iBtnods. 


6  2  Dvnflmifi  ganyi  atirl  Poww  Rudgwt 


Dynamic  Range 

The  fiber  ii^wt  power  must  be  kept  between,  the  minimum  value  Pan  tfod  the  maximum  value  Pm«  to  maintain  BER 
below  l(y^.  The  maximum  input  power  P^  is  determined  by  the  four  wave  mixing,  and  the  minimum  value  Pnua  is 
detennined  by  the  shot  noise.  The  maximum  and  minimum  input  powers  lor  a  16  chaaoela  WDM  systems  are  shown  in 
Fig.  6.  The  upper  four  curves  are  the  maximum  inimt  power  for  vatfoas  coding  fotmaia  and  opdcal  fiber  types  and  the 
lower  two  curves  are  the  minimum  iiqiai  power  for  the  same  coding  methotb  and  fiber  types.  The  tatio  of  the  maximum 
power  to  die  minimum  power  is  defia^  at  the  dynamic  lauge,  and  is  an  important  foctor  in  system  design.  For  example, 
the  dynamic  range  of  a  Mandiesier-coded  ASK  system  with  1  Gfapa/channel  bit  ram  and  100  Km  nooKhspersion  sifted 
fiber  is  38  dB,  as  shown  in  Fig.  6  a. 

Fig.  7  shows  the  dynamic  range  of  a  16-channel  WDM  system  versus  the  length  of  optical  fiber  for  two  fiber  types  and 
various  fflodulatioa  mi  coding  formam.  The  fiber  parameters  are  the  same  as  in  Table  L  The  curves  show  thm  sbort- 
distance  systems  have  a  large  dynantie  isiga  of  some  70  dB  but  at  die  tisaamiasiaD  distance  increaaee,  die  dynamic  range 
decreases,  and  fhlls  to  some  30  dB  at  100  Knx  Manchester-coded  ASK  and  DPSK  100  Km  systems  have  some  2.0  dB 
larger  dynamic  ranges  than  dm  cofreapoodiiig  NRZ  systema. 

Power  Budget 

The  power  budget  is  defined  as  the  rmio  of  dm  maximum  input  power  to  the  minimum  receiver  power  needed  to  keep 
BER  below  lO*’.  For  example,  dm  power  budget  of  Manchester  ASK  system  for  dm  8  th  chmaml  of  a  16  channels 
WDM  system  with  1  Obpe  and  noiHlispenioo  shifted  fiber  is  about  58  dB  as  shown  in  Fig.  6  a.  The  drop  of  dm  power 
budget  at  long  lengdm  ia  dne  to  dm  drop  of  dm  maximum  allowable  input  power  canted  by  dm  four  wave  mixing.  For  very 
long  fibers,  the  maxinumi  power  level  remains  almost  dm  same,  and  therefore,  dm  power  but^  lemains  almost  the  same. 
The  power  budgets  of  ASK  and  DPSK  system  with  variout  modularion  fbnnsis  mid  fiber  types  ate  given  in  Table  m.  The 
power  bu^et  of  DPSK  is  some  5.5  dB  larger  than  chat  of  ASK  system-  Mandmsiar  coded  systems  show  about  2.0  -  2.1  dB 
improveffle^widi  respect  to  NRZ  systema.  And  power  budget  of  system  using  NDS  fiber  ia  10.3  dB  larger  than  that  of 
systems  uring  DS  fiber. 


(,)  (b) 


Fig.  6.  Miximiiin  ioput  power,  miei— im  tapui  power  ead  lywem  dyaamic  aaga 
aad  syeteia  power  budget  venue  optical  fiber  leegib  for  vaiioua  fiben 
and  modulatioa  fonnata.  (a)  ASK.  (b)  DPSK. 


(a)  (b) 


Fig.7.  Dyaaaaciaagaofald  chaaaei  WDMfjnlemvonoa 
optical  fiber  laagifc  for  (a)  ASK.  (b)  DPSK  qrMnBB. 

A  ^  PnlariTMtinri  f-hmnwlie  niapwinii  aiwl  fnli>rrhgHn«.| 

The  state  of  polaiizatioo  of  the  reoeived  wave  is  fandom  in  the  optical  fiber  system  without  polarization  control.  As  a 
result,  crosstalk  is  deaeaMd  to  5/6  ofthe  value  expected  fijr  a  fixed  state  of  polarization’**.  In  this  paper,  the  case  of 

random  polarization  is  considered,  so  that  all  ow  results  apply  to  systems  NOT  employing  polarization-preserving  fiber. 

The  chromatic  dispefsion  can  prodnoa  distoctioa  in  the  demodulated  wavefixm  resulting  in  intersymbol  interference  in 
the  received  signal  and  reduction  of  transmission  system  perfbrmanoe.  The  chromatic  dispersion  limitations  for  coherent 
system  were  studied  by  many  authon”*’^.  The  receiver  sensitivity  degradation  due  to  chromatic  dispersion  has  been 
observed  in  an  FSK  transmission  experimens  at  more  dian  4  GbitVs”.  Ifawever,  transmission  experiments  at  1  to  2  Gbits/s 
have  shown  that  the  influence  of  chromatic  dispersion  on  FSK  systems  is  less  than  that  on  intensity-modulated  system'^. 
Receiver  sensitivity  degradation  due  to  chromatic  dispersioo  depends  on  the  modulation  and  demodulation  schemes  used. 
The  transmi^on  distance  limit  dne  to  chromatic  dispersioo  is  some  2,000  Km  for  1.35  pm  non-dispetsion  shifted  ASK  and 
DPSK  systems'*.  Since  the  transmission  distance  constraints  studied  in  this  paper  are  less  dian  2,000  Km,  the  impact  of 
chromatic  dispersioo  can  be  (and  is)  neglected. 


Tabl«  m.  Power  budcet  of  100  Ka  16  cIuiumI  WDM  syMtiu  (in  dfi) 


ASK 

OPSK 

OS 

MAN 

48.1 

53.6 

NRZ 

46.1 

51.5 

NOS 

MAN 

58.4 

63.9 

NRZ 

56.4 

61.8 

The  bandwiddi  of  the  Manchester  coded  signal  measured  to  the  fiist  mull  is  twice  that  of  cteNRZbawhridth.  Ifsevoal 
FDM  channels  are  being  transmitted,  then  a  coherent  system  may  suffiv  a  perfbnnance  degradation  stemming  from 
crosstalk  generated  by  inteimodnlatiaa  interference.  Prior  work  showed  that  balanced  receiven  are  superior  to  single 
detector  receivers  in  multichannel  envireoment,  and  for  small  penalty  (below  I  dB)  both  haw  sad  fieqaeacy  analysis 
techniques  yield  essentially  the  same  results^.  Based  on  the  results  of  Ref.  7,  the  electtical  channel  spacing  of 

ASK  a^  DPSK  systems  can  be  set  as  shown  in  Table  IV.  The  maximum  required  electtical  channel  ^Mcing  for  the  four 
systems  is  5.6.  The  optical  domain  channel  spacing  normalized  to  bit  rate  is^ 

(57) 

where  Dmi  is  normalized  electrical  chamiel  spacing.  When  the  IF  frequency  fer  the  Manchester-coded  system  is  selected 
tobe2/T,,,  Dop.  is  less  than  10.  Thus,  for  all  systems  oonsideted  in  this  paper,  the  optical  chaimel  spacing  of  10  bit  rates  is 
adequate.  Thus,  we  select  the  optical  channel  spacing  to  be  10  GHz  fin  aU  fi>w  1  Gbits/s  systems  investigated  in  this 
paper. 


TabkIV.  Ebctckal  chuari  «p«eae  wHiariind  to  M  ak  of 
ASK  ud  DPSK  tyiioai  with  1  dBpoulQF 


ASK 

DPSK 

ManchBster 

5.6 

4.6 

NRZ 

3.7 

3.0 

7.  CONCLUSIONS 


Wavelength  diviskai  nuiltiplexing  systems  are  flmdamentally  limited  by  the  receiver  shot  noise  and  by  the  fiber  four 
wave  mixing.  In  this  paper,  we  analy^  the  impact  of  these  limitatioos  on  NRZ  and  Manchester  coded  systems.  The 
minimum  receiver  power  is  deteimined  by  the  shot  noiae,  and  maximum  transmittar  power  is  detennined  by  the  four  wave 
mixing. 

For  1. 55  pm  dispersioo  shifted  16  channel  ASK  systems,  having  10  GHz  channel  spacing  and  1  Gbps  per  channel  bit 
rate,  the  maximum  firaasmissioo  length  is  about  210  Km  fin  NRZ  and  220  Km  fin  Manchester  codes,  respectively.  The 
corresponding  numben  fin  DPSK  systems  are  237  Km  and  247  Km,  respectively.  The  maximum  transmission  length  of 
the  ASK  system  using  non-dispersioa  shifted  fiber  is  261  Km  fin  NRZ  and  271  Km  for  Manchester  codes,  respectively. 


The  conespooding  aumben  for  DPSK  systems  are  288  Km  aiul  299  Km,  re^)ectively.  The  physical  reason  is  that  the 
transmission  lengdi  is  HmitM  by  the  FWM  rather  than  by  dispersion  in  this  particular  case. 

To  maintain  system  BER  below  10*^,  the  fiber  input  power  must  be  kept  between  the  maximum  value  determined  by 
the  fiber  four  wave  mixing  and  the  minimum  value  determined  by  the  receiver  shot  noise.  The  ratio  of  the  maximum  input 
power  to  the  minimum  input  power  is  defined  as  the  dynamic  range.  The  dynamic  range  of  100  Km  Manchester  coded 
systems  is  some  2  dB  better  than  that  of  NRZ  systems  for  both  ASK  and  DPSK  modulation  formats. 

In  summary,  Manchester-coded  DPSK  systems  using  tKat-dispersioa  shifted  fiber  have  the  best  perfomiance  and  NRZ- 
coded  ASK  system  using  dispersion  shifted  ftber  have  the  worst  performance. 
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Abstract 


We  discuss  four  major  directions  in  optical  communication  systems  research:  optical  amplifiers; 
coherent  and  dense  WDM  transmission;  analog  signal  transport;  and  soUton  propagation.  Then,  we 
focus  on  laser  requirements  for  the  four  systems,  including  reproducible  wavelength,  high  power, 
narrow  linewidth,  large  side-mode  suppression,  wide  tunabillty,  good  amplitude-modulation, 
frequency-modulation  and  wavelength-switching  characteristics,  small  frequency-  and  intensity 
noiM,  and  narrow  spectrum.  Finally,  we  discuss  candidates  for  future  laser  transmitters  Including 
DFB  and  DBR  semiconductor  devices,  Nd:YAG  lasers,  and  fiber-ring  soliton  lasers. 


1.  Introduction 


Four  major  directions  in  optical  fiber  communications  research  are  coherent  and  dense  WDM  systems: 
analog  systems  for  CATV  distribution  and  antenna  remoting;  optical  amplifiers;  and  soliton  transmission 
systems.  All  foregoing  technologies  promise  major  advances  in  the  performance  and  capabilities  of 
optical  fiber  communication  systems.  While  some  of  these  technologies  are  interrelated  (for  example, 
soliton  systems  are  impractical  without  optical  amplifiers),  each  of  them  offers  distiiKt  new  features  and 
requires  a  solution  of  a  unique  set  of  problems.  Most  of  the  problems  are  associated  with  the  need  for 
new  lasers,  sometimes  quite  different  from  those  currently  available. 

In  this  paper,  we  review  the  foregoing  four  new  technologies  currently  in  various  stages  of  R&D,  discuss 
laser  requirements  for  each  system,  and  speculate  what  lasers  might  be  able  to  satisfy  these  requirements. 
We  conclude  that  no  single  laser  is  likely  to  satisfy  all  the  requirements  at  once.  Rather,  a  variety  of 
lasers  are  needed  (and  are  being  developed)  to  operate  at  the  required  variety  of  wavelengths,  powers, 
emission  spectra  and  modulation  responses. 

The  paper  is  intended  as  a  broad  and  shallow  overview  of  the  issues  involved  in  the  R&D  of  optical 
communication  systems,  and  has  been  written  for  a  general  electrical  engineering  audience.  Readers 
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interested  in  a  more  detailed  exposition  are  referred  to  the  many  technical  papers  written  on  the  subject;  a 
small  faction  of  such  papers  can  be  found  in  the  References  section  of  this  paper. 

The  rest  of  this  paper  is  organized  as  follows.  In  Section  2,  coherent  and  WDM  systems  are  discussed. 
In  Section  3,  analog  systems  are  dealt  with.  Section  4  is  devoted  to  optical  amplifiers  while  Section  S  is 
devoted  to  solitons.  Finally,  Section  6  contains  conclusions  of  this  paper. 

2.  Coherent  and  WDM  Systems  [1] 

2.1.  Motivation  and  System  Example 

Dense  wavelength-division-multiplexing  (WDM)  systems  promise  larger  information  bandwidth,  more 
efficient  use  of  the  fiber,  and,  most  importantly,  flexibility  in  network  design  and  operation.  In  particular, 
WDM  allows  the  logical  network  topology  be  independent  of  and  generally  different  from  the  physical 
network  topology;  in  addition,  the  logical  topology  can  be  adjusted  to  match  changing  traffic  conditions. 
Further,  WDM  allows  various  bit  rates  and  modulation  formats  to  coexist  on  the  same  physical  network, 
up  to  and  including  mixing  digital  and  analog  traffic  on  the  same  fiber. 

The  main  obstacle  to  successful  implementation  of  dense  WDM  networks  is  the  need  for  fairly 
sophisticated  lasers  and  demultiplexers.  To  appreciate  the  advantages  and  the  difficulties  of  WDM, 
consider  a  particular  example  -  STARNet  •  shown  in  Hg.  1.  STARNet  is  a  coherent  WDM  network 
proposed  and  investigated  by  a  group  of  researchers  at  Stanford  university  [1].  Each  STARNet  node  is 
equipped  with  one  fixed  transmitter  and  two  receivers:  a  main  tunable  receiver  and  an  auxiliary  fixed 
receiver.  Each  auxiliary  receiver  is  fixed-tuned  to  the  frequency  of  the  previous  transmiuer  in  the 
frequency  comb  (see  insert  in  Fig.  1)  so  that  a  virtual  ring  of  nodes  is  formed.  That  ring  is  FDDI- 
compatible  and  always  functioning;  through  the  ring,  packet-switched  information  is  exchanged. 

Here  is  what  happens  in  STARNet  when  a  node  (say.  node  A)  needs  to  establish  a  circuit-switched 
interconnect  (for  example,  to  have  a  video-conferencing  session)  with,  say,  node  B.  Node  A  sends  a 
request  to  node  B  through  the  FDDI-compatible  ring,  and  tunes  its  main  tunable  receiver  to  the 
wavelength  of  transmitter  B.  Node  B  receives  the  request,  and  tunes  its  main  tunable  receiver  to  the 
wavelength  of  transmitter  A.  Thus,  a  circuit-switched  interconnect  is  established  between  the  two 
stations.  Simultaneously,  many  additional  pairs  of  nodes  can  "talk"  to  each  other  without  interference. 

A  major  advantage  of  that  approach  is  that  the  network  throughput  is  not  limited  by  the  electronics  of 
each  node.  For  example,  in  the  experimental  prototype  we  are  currently  building,  four  nodes  are  planned 


to  exchange  information  at  3  GB/s/node,  for  a  total  network  throughput  of  12  GB/s.  This  is  two  orders  of 
magnitude  larger  than  the  throughput  of  FDDI. 
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Figure  1.  STARNeC  a  coherent  WDM  local  area  network,  after  Ref.  [1], 


2.2.  Laser  Requirements 


STARNet  and  similar  networks  require  tunable  (^tical  receivers.  Such  receivers  can  be  implemented 
using  either  coherent  technology  (with  tunable  lasers  employed  to  tune  coherent  receivers  to  a  desired 


frequency)  or  direct-detection  technology  in  conjunction  with  tunable  optical  filters.  In  both  cases,  lasers 
have  to  satisfy  the  following  requirements: 

•  Wavelength:  1.5  pm  (wavelength  of  minimum  attenuation)  or,  possibly,  1.3  jim  (wavelength  of 
minimum  dispersion),  with  1.5  |im  being  normally  preferable. 

•  Reproducible  wavelength  (ideally,  within  a  few  GHz). 

•  Reproducible  (preferably  -  but  not  necessarily-  narrow)  linewidth,  corresponding  to  a  reproducible 
phase  noise. 

•  Wide  tuning  range:  for  example,  tuning  over  10,000  GHz  is  required  for  a  500-node  system  with  20 
GHz  channel  spacing. 

•  Good  modulation  response  extending  (ideally)  from  EX2  to  many  GHz. 

•  Separate  and  independent  control  and  modulation  of  frequency  (wavelength)  and  amplitude. 

•  For  local  oscillator  lasers,  very  low  intensity  noise  is  a  must;  RIN  of  -160  dB/Hz  is  considered  to  be 
desirable. 

•  Though  not  absolutely  necessary,  integration  with  photodiodes  and  other  components  is  a  definite 
advantage  in  system  design. 

2.3.  Laser  Candidates 

Three  devices  (and  their  variations)  are  the  main  contenders  for  WDM  applications:  semiconductor  DFB 
lasers;  semiconductor  DBR  lasers;  and  diode-pumped  Nd:YAG  solid-state  lasers. 

In  DFB  lasers,  a  grating  guaranteeing  a  single-frequency  operation  is  etched  into  the  device,  and  overlaps 
the  active  (gain)  region.  As  a  result,  DFB  lasers  are  relatively  easy  to  make,  and  are  available 
commercially  from  a  number  of  vendors.  DFB  lasers  have  a  reasonably  narrow  linewidth  (a  few  MHz 
for  outstanding  research  devices)  and  a  large  modulation  bandwidth  (many  GHz).  They  are  small  and 
can  be  integrated  with  other  semiconductor  devices.  On  the  negative  side,  DFB  lasers  have  a  small 
tuning  range  (a  couple  of  nanometen)  and  non-unifonn  FM  response. 

Similarly  to  DFB  lasers,  DBR  lasen  have  a  grating  etched  into  the  device  to  guarantee  a  single-frequency 
operation.  However,  the  grating  does  not  overlap  the  gain  region;  instead,  it  is  confined  to  a  separate 
(passive)  section  of  the  device  thus  allowing  an  independent  control  of  light  amplitude  and  frequency. 
DBR  lasers  are  characterized  by  a  reasonable  linewidth,  very  large  tuning  range  (10,000  GHz  has  been 
experimentally  demonstrated)  and  flat  FM  response.  Also,  DBR  lasers  can  be  integrated  with  other 
semiconductor  devices.  On  the  negative  side,  the  modulation  bandwidth  of  DBR  lasers  is  rather  small 
(less  than  1  GHz),  and  represents  a  bit-rate  bottleneck. 


Finally,  diode-laser  pumped  Nd:YAG  lasers  have  high  output  power,  extremely  narrow  Unewidth  making 
them  suitable  for  PSK  transmission,  and  extremely  small  RIN  making  them  excellent  local  oscillators  and 
sources  for  linear  transmission.  On  the  negative  side,  Nd:YAG  lasers  have  a  limited  tuning  range  Oess 
than  100  GHz),  cannot  be  modulated  at  any  reasonable  communications  rate,  and  cannot  be  integrated 
with  semiconductor  devices. 

Review  of  the  advantages  and  disadvantages  of  the  three  devices  reveals  that  no  single  device  satisfies  all 
the  requirements.  It  does,  however,  appear  that  DBR  lasers  satisfy  most  requirements,  and  are  a  good 
candidate  for  WDM  applications. 

3.  Transmission  of  Analog  Signals 

3.1.  Motivation  and  System  Example 

Analog  signal  transport  systems  are  needed  for  CATV  distribution,  antenna  remoting,  phased-array  radar 
and  many  other  applications.  Perhaps  the  best  known  applications  of  analog  systems  are  in  the  CATV 
industry  where  the  channel  capacity  is  expected  to  grow  to  some  ISO  channels  before  the  year  2000.  That 
capacity  will  require  fiber  optics  for  transmission.  Fiber  opdc  CATV  systems  are  already  being 
manufactured  and  installed,  albeit  their  current  capacity  does  not  reach  the  ISO  channel  goal  From  the 
point  of  view  of  CATV  industry,  the  link  should  employ  AM  to  preserve  end-to-end  compatibUity  with 
TV  receivers.  An  example  of  a  trunk  CATV  system  employing  an  AM  fiber  optic  link  is  shown  in  Fig.  2. 
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Figure  2.  A  trunk  CATV  system  employing  an  analog  AM  fiber  optic  link,  after  Rcf.[2]. 


3.2.  Laser  Requirennents 


Lasers  for  CATV  and  other  analog  applications  have  to  satisfy  the  following  requirements: 


•  High  output  power  to  provide  a  large  signal-to-noise-rado  (CNR  of  some  55  dB  is  generally  required) 
and  a  large  dynamic  range.  In  distribution  systems,  high  output  power  helps  to  increase  the  number  of 
customers  served  by  a  singe  transmitter. 

•  High  linearity  (both  composite  triple-beat  -  CB  -  and  composite  second-order  -  COs  -  have  to  be  kept 
below  -f.3  dB). 

•  Small  KIN  (below  -160  dB/Hz)  to  keep  high  SNR. 

•  Protection  against  reflections  is  required  as  the  quality  of  the  outside  fiber  plan:  is  frequently  uneven 
and  unpredictable.  For  this  reason,  optical  isolators  normaliy  have  to  be  built  into  laser  packages. 

•  Flat  modulation  response. 

•  High-frequency  capability:  The  bandwidth  of  many  current  CATV  systems  is  500  MHz.  with  1  GHz 
needed  in  the  near  future.  For  radar  systems,  a  variety  of  frequencies  is  needed,  up  to  10  GHz  and 
beyond. 

•  Wavelength  compatibility  with  Er-doped  fiber  amplifiers  (1.55  pm)  is  highly  desirable  for  CATV 
systems. 

•  Side  modes  have  to  be  very  small  to  keep  the  distortions  low. 


3.3.  Laser  Candidates 


Two  lasers  are  main  contenders  for  analog  applications,  and  both  are  in  fact  used  in  commercial  systems: 
semiconductor  DFB  lasers  and  solid-state  diode-pumped  N±YAG  lasers;  both  are  briefly  described  in 
Section  2.3. 

DFB  lasers  have  important  advantages  relevant  to  analog  applications:  They  can  be  directly  intensity- 
modulated.  are  available  at  the  1.5  pm  wavelength  compatible  with  Er-doped  fiber  amplifiers;  some  (but 
not  all)  devices  exhibit  a  low  RIN,  around  -160  dB/Hz.  Their  output  power  is  modest  (a  few  mW  in  the 
fiber  for  commercial  devices),  but  is  improving  rapidly. 

On  the  other  hand,  Nd:YAG  lasers  have  important  advantages  of  very  high  output  power  (devices  with 
the  output  power  of  300  m  W  are  commercially  available)  and  extremely  low  RIN.  Most  of  RIN  power  in 
Nd:YAG  lasers  is  concentrated  around  low  frequencies,  and  is  eliminated  by  feedback  loops  ("noise- 
eaters")  in  many  commercial  devices.  On  the  negative  side,  Nd:YAG  lasers  cannot  be  directly  modulated 
at  any  reasonable  rate,  and  thus  require  external  modulation.  In  addition,  their  longest  wavelength  of 
operation  is  1.3  pm,  and  is  incompatible  with  Er-doped  fiber  amplifiers. 


In  summary,  DFB-based  systems  tend  to  be  less  costly  on  a  per-system  basis,  but  not  necessarily  on  a 
per-channel  or  per-subscriber  basis,  and  are  compatible  with  Er-doped  fiber  amplifiers.  In  contrast, 
Nd:YAG-based  systems  are  incompatible  with  Er-doped  fiber  amplifiers,  and  are  more  expensive  on  a 
per-system  basis  because  of  external  modulation  they  must  employ.  HowevCT,  the  capacity  of  Nd:  YAG- 
based  systems  tends  to  be  higher  than  that  of  DFB-based  systems  because  of  higher  output  power  and 
lower  noise,  so  that  the  per-channel  and  per-subscriber  cost  is  actually  lower  in  many  cases. 

4.  Optical  Ampliflers 

4.1.  Motivation  and  System  Example 

Optical  amplifiers  went  from  a  fairly  exotic  research  topic  to  an  important  commercially  available  device 
in  just  a  few  years.  Their  main  advantages  are  simplicity,  leading  to  good  reliability  and  potentially  low 
cost;  wide  optical  bandwidth  (some  25  nm  for  Er-doped  fiber  amplifiers)  leading  to  very  high  information 
rates  and  a  possibility  of  handling  several  WDM  channels  simultaneously;  and  flexibility:  optical 
amplifiers  function  independently  from  the  bit  rate,  modulation  format,  or  number  of  channels,  and  are 
compatible  with  both  direct  detection  and  coherent  detection. 

Two  types  of  optical  amplifiers  have  been  developed;  semiconductor  optical  amplifiers,  or  SOA’s  (to  a 
first  approximation,  SOA's  are  Just  semiconductor  lasers  driven  below  threshold),  and  Er-doped  fiber 
amplifiers,  or  EDFA's.  The  latter  type  is  now  preferred  in  many  applications  due  to  very  low  coupling 
loss  (less  than  1  dB),  the  resulting  high  gain,  polarization-insensitive  operation,  high  saturation  power 
(more  than  10  dBm),  slow  gain  dynamics  resulting  in  the  lack  of  saturation-induced  crosstalk,  and 
quantum-limited  noise  figure  (around  3.5  dB). 

Fig.  3  shows  a  schematic  of  EDFA.  It  is  seen  to  be  an  exceptionally  simple  device  consisting  of  a  piece 
of  Er-doped  fiber  (several  meters),  laser  diode  pump,  and  a  wavelength-selective  coupler  (WDM 
multiplexer)  needed  to  combine  the  signal  and  the  pump  fields.  In  many  practical  applications,  additional 
components  are  needed;  optical  isolators  ate  requited  in  most  cases  to  keep  the  system  stable. 

EDFA's  are  not  free  from  drawbacks,  however  they  are  currently  limited  to  1.5  pm  applications,  require 
high-power  (50-100  mW)  pump  diodes  and  a  wavelength-selective  coupler  (instead  of  direct  current 
pumping),  are  not  integratable,  cannot  be  made  small,  and  cannot  be  modulated  at  any  reasonable 
communications  rate.  Nevertheless,  their  advantages  far  outweigh  their  drawbacks  in  many  important 
applications  irKluding  line  amplifiers,  pre-amplifien  (used  in  receiven  to  im{Hove  their  sensitivity)  and 
power  amplifiers  used  to  compensate  splitting  and  components'  loss  in  transmitters  and  networks. 


Examples  of  recent  experiments  include  1.2  Gb/s  ASK  transmission  over  900  km  using  11  optical 
amplifiers,  and  2.S  Gb/s  FSK  transmission  over  2,223  km  using  25  optical  ampliHers  (Fig.  4).  Ever  more 
impressing  experiments  are  being  published  every  few  months. 


Signal  In 


Current 

Pump  Laser 
Diode 


Erbium-doped 

fiber 


X  I _ I  Wavelength 

Selective 

Coupler 

Microlensed  -  mux) 

Fiber 


Gain 


Figure  3.  Erbium-doped  optical  fiber  amplifler  (EDFA). 
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Figure  4.  A  2.5  Gb/s  FSK  transmission  experiment  over  2,223  km  using  25  optical  amplifiers, 

ate  Ref.  [3]. 


4.2.  Laser  Pump  Requirements 


•  Wavelength:  EDFA's  can,  in  principle,  be  pumped  at  a  variety  of  wavelengths  including  514  nm,  532 
nm,  667  nm,  800  nm,  980  nm,  1.48  |im,  and  1.53  iini.  However,  availability  of  semiconductor  pumps 
limits  the  choice  of  pump  wavelengths  to  the  region  between  800  nm  and  1.53  pm.  Though 
semiconductor  laser  pumps  are  readily  available  at  800  nm,  this  pump  wavelength  is  not  necessarily  the 
best  choice:  its  pumping  efficiency  is  low  due  to  excited-state  absorption.  Pumping  at  1.49  pm  and  1.53 
pm  is  less  efficient  than  that  at  980  nm  (see  Fig.  5),  pump/signal  multiplexing  is  more  difficult,  and  the 
noise  figure  is  not  as  good.  Thus,  pumping  at  980  nm  is  a  reasonable  choice  leading  to  pump-ng 
efficiencies  as  good  as  10.2  dB/mW  [4], 

•  Wavelength  reproducibility:  The  pumping  efficiency  remains  high  as  long  as  the  pump  wavelength  is 
kept  within  a  window  of  some  20  nm.  Thus,  the  nominal  wavelength  has  to  be  guarantee  within  +/- 10 
nm. 

•  Output  power  The  need  for  high  gain  and  high  saturation  power  leads  to  a  requirement  of  rome  50-100 
mW  of  pump  power  in  the  fiber.  Even  higher  powers  may  be  needed  for  future  CATV  distribution 
networks. 


Wavelength  (nm) 


Figure  5.  EDFA  pumping  efficiencies,  after  Ref.  [4]. 

4.3.  Laser  Candidates 

The  obvious  choice  satisfying  the  foregoing  requirements  is  a  semiconductor  AlGaAs  Fabry-Perot  laso'. 
Such  lasers  are  commercially  available  at  ever  increasing  powers,  and  are  commonly  incorporated  into 
EDFA’s. 


5.  Soliton  Systems 


5.1.  Motivation  and  System  Example 

Solitons  are  pulses  for  which  nonlinear  effects  and  dispersion  (which  are  normally  detrimental)  cancel 
each  other.  Solitons  can  be  explained  as  the  bunching  of  high-intensity  lighu  the  light  pulse  creates  a 
moving  "valley"  of  higher  dielectric  constant.  A  simple  physical  explanation  of  solitons  ("running  on  a 
mattress")  is  shown  in  Fig.  6.  Runners  having  different  speeds  would  anive  at  different  times  when 
running  on  a  flat  surface  (in  fiber,  this  corresponds  to  dispersion).  However,  when  runp’'  g  on  a  soft 
surface  (mattress),  their  combined  weight  aeates  a  moving  valley  (in  fiber,  this  corresponds  to  a  local 
change  of  refractive  index  due  to  fiber  nonlinearity).  The  moving  valley  pulls  along  slower  runners 
(slower  photons  in  the  fiber)  and  retards  faster  runners  (faster  photons  in  the  fiber).  The  net  result  is  that 
the  dispersion  is  canceled  by  the  nonline<oity,  so  that  short  pulses  can  propagate  over  extremely  long 
distances  without  changing  their  shape  as  long  as  their  power  remains  sufficiently  high  to  cause  an 
adequate  local  change  of  the  refractive  index. 

The  latter  condition  implies  the  need  for  optical  amplifiers  to  compensate  for  tne  inevitable  light 
attenuation  in  the  fiber. 


Figure  6.  A  simple  physical  explanation  of  solitons:  running  on  a  mattress,  after  Ref.  [5]. 


Fig.  7  illustrates  a  recent  experiment  transmitting  70  psec  solitons  over  10,000  km.  To  avoid  the  need  to 
install  an  actual  10,(X)0  fiber  link,  the  experiment  uses  a  75  km  fiber  ring.  Solitons  "run"  around  the  ring, 
much  like  horses  on  racetrack;  three  EDFA's  are  used  to  compensate  fiber  losses. 


Figure  7.  A  10,000  km  soliton  transmission  experiment,  after  Ref.  [SI. 


Contrary  to  conventional  systems,  the  bit  rate  /  distance  limit  in  soliton  systems  is  not  set  by  the 
attenuation  or  dispersion.  Instead,  the  limit  is  set  by  the  spontaneous  emission  noise  of  optical  amplifiers; 
that  noise  causes  soliton  power  fluctuations,  leading  to  a  arrival  time  jitter  leading,  in  turn,  to  a 
fundamental  limit  on  the  bit  rate  /  distance  in  solium  systems  (Gordon-Hause  limit).  That  limit  is 
illustrated  in  the  insert  in  Fig.  7,  and  corresponds  to  70  psec  pulses  over  10,000  km.  Fortunately,  this 
limit  is  so  high  that  even  most  ambitious  trans-Pacific  and  trans-Atlantic  links  currently  on  the  drawing 
board  are  possible  -  provided,  however,  that  suitable  soliton  transmitters  will  be  developed. 


5.2.  Laser  Requirements 

•  Wavelength:  Solium  transmitters  must  operate  at  l.SS  tun  for  compatibility  with  EDFA's. 

•  They  must  generate  powerful  10-20  psec  pulses  fOT  multigigabit-per-second  transmission  rates  needed 
for  transoceanic  applications. 

•  The  pulses  must  have  extremely  narrow  uansform-limited  spectrum  to  allow  exact  dispersion 
compensation. 


5.3.  Laser  Candidates 


The  lack  of  a  suitable  laser  is  probably  the  most  serious  problem  in  soliton  communications.  While 
several  approaches  have  been  investigated  and  appear  to  work  quite  satisfactory  in  the  laboratory,  it  is  not 
clear  as  yet  which  one  (if  any)  is  a  reasonable  candidate  for  practical  applications. 


One  possibility  is  to  take  a  soliton  ring  (similar  to  one  shown  in  Fig.  7)  and  to  provide  a  net  gain  larger 
than  unity,  as  shown  in  Fig.  8.  The  resulting  device  oscillates  with  the  repetition  rate  set  by  the  free 
spectral  range  of  the  etalon,  yields  transform-limited  sech-shaped  pulses  and  has  sufficiently  high  output 
power  (more  than  10  mW  average  power  has  been  demonstrated).  In  addition,  the  pulse  width  scales 
inversely  with  the  average  power  as  required  for  soliton  transmission.  This  de'  >ce  is  an  excellent 
laboratory  tool  for  soliton  studies.  However,  it  is  not  clear  as  yet  whether  or  not  practical  irjns.nitters  can 
be  developed  using  this  approach. 


1.53  (im 
signal 


Figure  8.  A  fiber-ring  soliton  laser,  after  Ref.  [5]. 


6.  Conclusions 


Four  exciting  system  applications  will  shape  the  future  of  optical  fiber  communications:  dense  WDM 
and  coherent  systems,  analog  signal  transport,  optical  amplifiers,  and  solitons.  Optical  amplifiers  and 
analog  systems  are  "already  here",  and  are  commercially  available.  Dense  WDM  and  solilon  systems  are 
further  in  the  future,  and  depend  on  the  solution  to  challenging  device  problems. 

All  four  systems  require  high-performance  lasers,  and  impose  quite  different  requirements.  These 
requirements  are  unlikely  to  be  satisfied  by  any  single  device,  and  so  "the  laser  of  the  future"  is,  most 
likely,  several  quite  different  devices. 

Future  coherent  and  dense  WDM  systems  may  operate  at  1.5  )im.  Lasers  for  such  systems  have  to  have  a 
highly  reproducible  wavelength,  wide  tuning  range,  and  good  AM,  FM  and  wavelength-switching 
response;  the  AM  and  FM  have  to  be  independent  from  each  other.  For  local  oscillators,  very  low  RIN  is 
required.  A  good  candidate  for  dense  WDM  and  coherent  applications  is  a  DBR  laser,  possibly 
integrated  with  an  "external”  modulator. 

Analog  signal  transport  systems  require  high-power,  low  RIN  lasers  with  excellent  side-mode 
suppression.  Good  candidates  for  1.5  |im  wavelength  (ttesirable  for  compatibility  with  Er-doped  fiber 
amplifiers)  are  DFB  lasers  while  for  1.3  wavelength,  Nd:YAG  lasers  are  an  excellent  candidate 
already  used  in  commercial  systems. 

High-power  semiconductor  laser  pumps  are  required  fw  Er-doped  fiber  amplifiers.  The  pumps  are 
required  to  operate  within  a  20  nm  window  at  980  nm,  and  generate  50-100  mW  in  the  fiber  (probably 
even  more  for  future  CATV  distribution  and  similar  applications).  Semiconductor  AlGaAs  Fabry-Perot 
lasers  are  an  excellent  candidate  for  that  apfdication,  and  are  used  in  commercially  available  ampliEers. 

Finally,  future  soliton  systems  will  operate  at  1.5  pm  for  compatibility  with  EDFA's.  They  must  generate 
10-20  psec  transfmn-limited  pulses  to  allow  for  multigigabit-per-second  transmission  on  trans- Atlantic 
and  trans-PaciHc  routes.  Fiber-ring  soliton  lasen  do  have  the  foregoing  desirable  properties,  and  have 
been  successfully  used  in  laboratory  experiments.  It  remains  to  be  seen,  however,  whether  or  not 
laboratory  fiber-ring  soliton  lasers  will  lead  to  robust  commercial  transmitters. 
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Abstract 


The  detrimental  impact  of  four-wave  mixing  on  WDM  systems  can  be  alleviated  using 
Manchester-coding  and  DPSK  modulation.  Maxinnim  transmission  distance  can  be  extended  to 
300  Km  for  1  Gbp^channd  systems  with  10  GHz  channel  spacing. 
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Introduction:  The  perfmmanoe  of  optical  WDM  systems  may  be  degraded  by  four-wave 
mixing  Previous  studies  investigated  FWM  in  non-^etuni-to  zero  (NRZ)  system 

only,  neglected  other  noise  sources,  such  as  shot  noise^,  and  did  not  take  into  account  the 
spectral  distribntioD  of  FWM. 

In  this  p^jier;  die  performance  of  optical  Manchester-coded  WDM  systems  is  evaluated.  Our 
analysis  takes  into  accmnit  bodi  shot  noise  and  FWM.  We  show  dist  Manchester  coding  reduces 
the  impact  of  FWM  on  WDM  systems,  particulariy  when  used  in  conjunction  widi  DPSK.  Our 
analysis  does  take  into  account  the  spectral  distribution  of  FWM,  and  so  is  more  accurate  than 
previous  studies. 


H.  Lee  and  L.  Kazovsky,  Suppression  of  FWM  crosstalk  in  WDM  systems  using  Manchester  coding 


4 


System  Under  Study:  Fig.  1  shows  the  block  diagram  of  an  optical  WDM  system  employing 
Manchester  coding  and  block  diagram  of  ASK.  and  DPSK  receivers.  To  investigate  the  impact 
of  FWM,  we  use  the  first  order  nonlinear  differential  equation^: 

=  ~aE,«u.r)  +  5;yi^^Z^„„)exp(yAb) 
az  *  nc 

exp(-|os)Jido'£.  (to' + to"- to)- (to')  ■EAo>'^ 

The  numerical  analysis  was  conducted  for  the  following  syston  parameters:  wavelength 
A;=1.SS  jim,  fiber  attenuation  0(30.2  dB/Kns,  channel  spacing  10  GHz,  bit  rate  1  Gbit/s,  effective 
core  area  32  n  ^m2  for  non-di^>ersion  shifted  fiber  (NDS)  and  16-*  (im^  for  DS  fiber,  and  group 
velocity  diiqiersion  15  ps/Km  nm  for  NDS  and  1  ps/Km-nm  for  DS. 

BER  Results:  Fig.  2  shows  BER  for  the  8th  channel  (other  channds  have  better  BER)  of  a  16 
channel  WDM  system  using  a  DS  fiber  versus  the  optical  fiber  input  power  for  several  values  of 
the  fiber  length.  The  decrease  of  BER  at  low  powers  is  due  to  shot  noise  and  the  increase  of 
BER  at  high  powers  is  due  to  FWM  that  is  proportional  to  the  cube  of  the  signal  power. 
Because  the  spectral  width  of  Manchester-coded  signals  is  wider  than  that  of  NRZ  signals,  the 
impact  of  FWM  on  Manchester-coded  systems  is  less  severe.  The  maximum  transmission 
distance  of  Manchester-coded  systems  is  220  Km  for  ASK  and  247  Km  for  DPSK;  this  is  10  Km 
more  than  that  of  NRZ-coded  system. 

The  system  dynamic  range  is  defined  as  the  ratio  of  the  maximum  fiber  input  power  to 
minimum  fiber  input  power  to  tnaifitain  BER  below  10*^.  Manchester-coded  100  Km  systems 
have  some  2  dB  larger  dynamic  range  than  corresponding  NRZ  systems. 

Maximum  Tr«i«nia«Qn  Distance;  Fig.  3  shows  the  maximum  transmission  length  versus 
the  number  of  channels;  all  calculation  are  for  the  worst-case  channel.  Manchester-coded 
systems  have  the  maximum  transmission  distance  larger  than  that  of  NRZ  coded  system  by  10 
Km;  DPSK  systems  outperform  ASK  systems  by  some  27  Km,  and  the  NDS  fiber  outperforms 
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the  DS  fiber  by  some  5 1  Km.  The  physical  reason  for  the  latter  is  that  the  transmission  length  is 
limited  by  the  FWM  rather  than  by  chromatic  dispersion  in  the  case  considered. 

rnnrliKinns:  FibcT-induced  FWM  limits  the  maximum  transnaission  distance  of  WDM 
systems.  Manchester  coding  used  in  conjunction  with  DPSK  modulation  extends  the 
transmission  distance  tc  247  Km  is  compared  to  210  Km  for  NRZ-coded  ASK  systems.  This 
result  refers  to  dispersion-shifted  16  channel  1  Gbpa/channel  systems  with  10  GHz  channel 


spacmg. 
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FIGURE  CAPTIONS 

Fig.  1 .  (a)Block  diagram  of  an  optical  wavelength-division-multiplexing  system. 

(b)  A  Heterodyne  ASK  Receiver,  (c)  A  Heterodyne  DPSK  Receiver. 

Fig.  2.  The  bit  error  rate  of  a  16  channel  ASK  and  DPSK  coherent  WDM  system 

using  the  DS  fiber  versus  the  optical  fiber  input  power;  the  parameto*  is  the  transmission 

distance. 

Fig.  3.  Maximum  transmissioa  length  versus  number  of  channels  for  various  modolatioa  formats 
and  coding  methods. 
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(a) 


Fiber  Input  Power,  dBnn 

(b) 


Fig.  2.  The  bit  error  rate  of  a  16  channel  ASK  and  DPSK  coherent  WDM  system 
using  the  DS  fiber  versus  the  optical  fiber  input  power,  the  parameter  is  the  transmission  distance. 
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Fig.  3.  Maximum  trmsmuaiaa  lengtb  versus  number  of  channels 
for  various  modulatiaa  formats  and  coding  methods. 


Tutorial  overview:  Multigigabit  optical  networking 

Leonid  G.  Kazovsky,  Karen  Liu*,  Giro  A.  Noronha  Jr 

Stanford  University,  Stanford,  CA  94305 
‘IBM  T.J.  Watson  Research  Ctr.,  Yorktown  Heights,  NY  10598 

ABSTRACT 


What  is  multigigabit  optical  networking?  This  is  a  term  we  are  using  loosely  to  refer  to  the  networks 
with  multiple  gigabit  data  channels  in  order  to  distinguish  them  from  networks  whose  aggregate  bit  rate 
is  on  the  order  of  1  Gbit/s.  Current  computer  networks,  such  as  Ethernet,  FDDI  and  DQDB,  suffer  from 
lack  of  concurrency:  at  a  given  time,  only  a  small  number  (typically  one)  of  computers  can  transmit  new 
information  into  the  network.  Therefore,  each  computer  has  to  operate  at  the  network  aggregate  speed, 
although  effectively  it  has  access  ordy  to  a  fraction  of  that  bandwidth.  To  achieve  gigabits/sec  throughput, 
the  next  generation  of  computer  networks  will  have  to  provide  multiple  high-speed  concurrent  channels  to 
the  nodes.  One  way  to  achieve  concurrency  is  to  use  electronic  switching,  thereby  placing  the  burden  on 
the  switch  rather  tnan  each  computer.  Another  direction  is  to  place  the  burden  on  the  optical  hardware. 
Optical  transport  facilities  have  been  recognized  as  an  excellent  choice  f'^r  gigabits/sec  networks  due  to  the 
high  bandwidths  and  long  distances  that  can  be  reached.  Moreover,  WI'M  optical  techniques  allow  multiple 
concurrent  channels  to  be  created  in  the  same  fiber,  and  with  tunable  transceivers  one  can  potentially  create 
networks  whose  topology  changes  dynamically  in  response  to  changing  traffic  patterns.  In  this  paper,  we 
will  review  a  few  current  implementations  of  very  high-speed  networks  as  a  background  context,  and  then 
describe  several  prototype  optical  networks. 

1.  INTRODUCTION 


Point-to-point  link  speeds  are  now  in  the  several  hundred  Mb/s  to  1  Gb/s  range.  Such  high  speeds 
mean  that  the  functional  bottlenecks  are  now  elsewhere  in  the  network.  Gigabit  networks  are  considered  a 
revolutionary  step  in  data  communications  because,  for  the  first  time,  propagation  delay  as  measured  in  bits 
in  transit  dominates  over  delay  due  to  the  limited  bandwidth  of  the  communications  link.  In  other  words,  as 
far  as  the  recipient  of  the  data  is  concerned,  increasing  the  transmission  speed  of  the  link  will  not  bring  him 
his  data  any  sooner.  The  optical  communications  community  can  be  proud  of  their  part  in  the  fiber  optics 
revolution  which  has  enabled  this  step. 

However,  now  the  ball  is  back  in  our  court  to  define  our  next  contribution  to  data  communications. 
Simply  adding  yet  more  transmission  speed  is  unlikely  to  be  as  widely  appreciated  as  before  since  it  will  mean 
an  incremental  change.  Also,  few  applications  require  more  than  1  Gb/s  especially  in  view  of  progress  in 
data  compression.  There  does  exist  a  problem  to  be  solved  despite  the  existence  of  gigabit  links.  How  can  a 
large  number  of  high  speed  links  be  set  up,  switched,  and  otherwise  controlled  efficiently?  Since  the  problem 
is  now  not  so  much  to  provide  more  raw  bandwidth,  as  to  deal  with  the  multiplicity  of  data  streams,  we  call 
the  next  generation  MULTI-gigabit  (e.g.  rather  than  Tbit)  networks.  For  this  function,  new  architectures 
and  approaches  are  necessary. 

Let  us  first  look  at  the  desired  functions.  In  addition  to  existing  services  (remote  logins,  file  transfer, 
voice),  future  networks  will  be  required  to  support  broadband  services.  Broadband  interactive  services  have 
been  classified  by  CCITT  Recommendation  1.121*  into  the  following  categories: 

■  Conversational  Services:  real-time  end-to-end  information  transfer,  such  as  video-  telephony,  high- 
definition  image  transfer,  high-speed  data  transfer; 

■  Messaging  Services:  communication  via  store-and-forward,  such  as  multimedia  mail; 

■  Retrieval  Services:  retrieval  of  information  stored  in  databases,  such  as  video  on  demand,  or  high- 
fidelity  audio. 
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To  provide  the  services  described  above,  a  network  will  have  to  handle  both  stream  traffic  (i.e.,  un¬ 
compressed  video  and  audio)  and  bursty  traffic  (i.e.,  variable  bit  rate  video,  bursty  data,  etc.),  at  a  range  of 
data  rates  which  spans  several  orders  of  magnitude.  Some  data  rates  required  to  provide  broadband  services 
are  shown  in  Fig.  1. 

Current  network  topologies,  such  as  Ethernet,  FDDI  (Fiber-Distributed  Data  Interface)  and  DQDB 
( Distributed-Queue  Dual  Bus)  provide  connectivity  between  the  nodes  by  means  of  a  small  number  of  shared 
channels  (one,  or  two,  in  the  case  of  DQDB).  This  has  two  consequences:  (i)  all  the  nodes  have  to  operate 
at  network  aggregate  speed,  and  (ii)  on  the  average,  the  capacity  available  per  node  is  no  mort  than  C/.V. 
where  C  is  the  aggregate  network  capacity,  and  N  is  the  number  of  nodes. 
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Figure  1:  Data  rate  requirements  for  broadband  services^ 


Due  to  the  high  data  rate  requirements,  single  channel  networks  will  be  unable  to  provide  the  required 
level  of  service  because  each  node  would  have  to  operate  at  the  network  aggregate  speed,  which  is  neither 
possible  (due  to  the  high  speeds  involved)  nor  desirable  (due  to  the  low  efficiency).  Multiple-channel  topolo¬ 
gies,  capable  of  concurrent  transmission,  are  needed,  and  optical  transport  mechanisms  are  an  e.xcellent 

choice. 

In  a  network  composed  of  multiple  channels,  some  sort  of  switching  between  them  is  needed,  except 
in  the  trivial  case  of  a  fully  connected  mesh.  Two  approaches  have  been  proposed  and  used  to  provide  this 
switching  function: 

a.  Centralized  electronic  switching:  switching  is  provided  by  one  or  more  electronic  switches,  which 
transfer  data  from  channel  to  channel;  and 

b  Distributed  optical  switching:  switching  is  performed  at  the  periphery  of  the  network  by  optical  means. 

In  the  remainder  of  this  paper,  we  will  discuss  some  examples  of  practical  implementations  of  these  two 

approaches. 

2.  MULTIGIGABIT  NETWORKS  BASED  ON  ELECTRONIC  SWITCHING 


In  this  section  we  will  consider  networks  where  the  optical  medium  is  used  only  convey  point-to-point 
data.  .Switching  between  channels  is  done  electronically,  at  the  center  of  the  network,  as  illustrated  in 
figure  2.  where  we  have  shown  the  transmit  and  receive  sides  of  each  node  separately  for  the  sake  of  clarity. 
The  modules  marked  “E-0”  and  “0-E”  perform  the  electrical-to-optical  and  optical-to-electrical  conversions 
respectively. 
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Figure  2:  General  model  model  for  networks  with  central  switching 


2.1  HIPPI  and  the  Fiber  Channel 


HIPPI  (High-Performance  Parallel  Interface)  was  started  at  the  Los  Alamos  National  Laboratory  in 
1987  as  an  effort  to  standardize  the  physical  interconnection  between  supercomputers^;  it  is  now  under  the 
responsibility  of  ANSI  Task  Group  X3T9.3.  HIPPI  provides  a  simplex  (i.e.,  unidirectional)  point-to-point 
parallel  data  path,  operating  at  either  800  Mb/s  or  1.6  Gb/s;  the  latter  requires  two  physical  connections. 
.\  full-duplex  link  is  built  by  having  two  simplex  links,  one  on  each  direction.  The  original  HIPPI  standard 
specified  a  parallel  metallic  cable,  reaching  a  maximum  distance  of  25  m;  latter,  an  extension  called  “serial 
HIP  PI”  4  proposed  to  increase  the  distance.  Serial  HIPPI  uses  9-/im  single-mode  fiber  and  a  pigtailed 

laser  operating  between  1285  and  1330  nm,  with  a  mean  launch  power  of  -9  to  -6  dBm,  to  reach  a  distance 
of  up  to  10  km. 

The  HIPPI  standard  also  specifies  a  protocol  to  interact  with  a  switch  and  open/close  a  “connection": 
the  physical  structure  is  the  one  shewn  in  figure  2.  This  is  a  circuit  switch,  i.e.,  a  physical  path  is  established 
between  the  source  and  the  destination  and  is  kept  in  place  during  the  life  of  the  connection. 

Two  flavors  of  HIPPI  switches,  both  full  cross-point  switches  handling  parallel  data,  are  currently 
commercially  available.  The  8x8  switch  is  dumber  but  faster,  with  circuit  set  up  times  under  1  microsecond 
and  latency  through  the  switch  of  160  nsec  (4  clock  cycles).  The  fast  set-up  is  possible  because  source¬ 
routing  is  used,  where  the  switch  needs  only  to  examine  a  specific  part  of  the  header  field  to  see  how  it 
should  configure  itself.  The  32  x  32  switch  is  somewhat  slower  because  it  incorporates  a  microprocessor  to 
allow  more  complex  routing  functions  including  destination  routing  where  the  switch  has  to  first  determine 
the  routing  before  performing  it.  Latency  is  still  only  240  n.sec.  Since  the  switch  handles  parallel  data, 
scaling  the  switch  size  up  will  involve  significant  increases  in  hardware  complexity.  Also,  a  small  amount  of 
additional  delay  and  complexity  is  required  to  use  the  switch  with  serial  HIPPI  due  to  the  need  to  de-serialize 
and  serialize  at  the  output®. 

The  Fiber  Channel  (FC)^  ®  is  a  follow-on  to  HIPPI,  also  being  developed  at  the  X3T9.3  Task  Group. 
It  is  also  a  point-to-point  interface,  but  with  more  capabilities.  FC  supports  four  data  transfer  rates:  100. 
200.  400  and  800  Mb/s.  The  physical  media  can  be  single  or  multimode  fiber,  or  even  coeixial  cable  for  short 
(li.stances.  The  transmitter  can  either  be  a  light-emitting  diode  (LED)  or  a  laser. 

The  physical  model  for  FC  is  shown  in  figure  3.  The  N_Port  is  the  host  interface;  it  has  a  transmitter 
and  a  receiver,  which  together  form  a  full-duplex  path.  N-Ports  may  be  interconnected  together  in  point- 
to-point  applications.  A  fabric  interconnects  the  N_Ports,  and  is  used  to  route  frames  between  the  hosts. 
Three  classes  of  service  have  been  defined,  which  determine  the  way  the  fabric  routes  the  frames: 

■  Class  1:  Dedicated  Connection.  This  is  a  circuit  connection.  Once  established,  a  dedicated 

connection  is  guaranteed  by  the  fabric.  Frames  from  the  source  N_Port  are  delivered  to  the  destination 
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N.Port  in  .order.  Flow  control  is  also  provided.  This  class  is  intended  for  applications  such  as  movie- 
quality  animation  and  distributed  computation. 

■  Class  2:  Multiplex.  This  is  a  connectionless  service;  in  other  words,  a  path  is  not  necessarily  reserved 
for  this  kind  of  traffic  inside  the  switch.  The  fabric  may  not  guarantee  in-order  delivery  of  the  frames, 
but  in  the  absence  of  link  errors,  notification  of  delivery  (or  failure  to  deliver)  is  guaranteed.  This  class 
is  intended  to  be  used  in  applications  such  as  communication  with  devices. 

■  Class  3:  Datagram.  This  is  also  a  connectionless  service,  like  class  2,  but  the  fabric  does  not 
guarantee  in-order  delivery  nor  notification  of  success/failure.  In  other  words,  the  fabric  will  try  to 
deliver  the  frames,  but  no  guaranties  are  given,  and  no  confirmations  will  be  sent.  This  class  is  viewed 
as  the  data  link  layer  for  connectionless  protocols  like  IP. 

The  first  commercially  available  FC  switch  has  been  implemented  as  a  dynamically  non-blocking  switch 
composed  of  16-channel  modules  which  accept  serial  data.  Four  such  modules  can  be  stacked  together  to 
yield  a  64  x  64  port  switch.  In  principle,  a  4096  x  4096  statically  non-blocking  switch  can  be  built  from  the 
modules  with  the  addition  of  additional  cross-connect  hardware.  So  far,  the  256  Mb/s  links  and  switches 
have  been  delivered,  with  the  1  Gb/s  version  due  at  the  end  of  the  year.  Switching  latencies  are  on  the  order 
of  200  microseconds  for  all  classes  of  services  on  the  current  256  Mb/s  version  but  an  order  of  magnitude 
decrease  is  expected  with  a  faster  processor.  Travel  time  delay  through  the  switch,  once  the  connection  is 
set  up,  is  less  than  1  microsecond.  The  present  links  are  designed  for  2  km  distances,  but  10  km  will  be 
available  as  welF. 


FABRIC 


Figure  3:  Physical  model  for  a  fiber  channel  interconnection 


2.2  The  plaNET/ORBIT  High*Speed  Network 


The  plaNET/Orbit  is  a  gigabit  networking  system  being  developed  at  IBM*.  It  has  two  components: 
a  Wide-Area  Network  (WAN)  consisting  of  fast  packet  plaNET  switches  connected  by  point-to-point  links 
forming  a  backbone  connecting  multiple  local  area  networks  (LANs)  in  the  form  of  ORBIT  (Optical  Ring 
with  Buffer  Insertion  Technology)  rings.  Both  ORBIT  and  plaNET  use  the  same  protocols,  to  ease  the 
interoperability  between  them.  The  topology  is  illustrated  in  figure  4. 
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Figure  4;  plaNET/ORBIT  network  model 


The  ORBIT  network  can  be  seen  as  the  local  access  to  the  plaNET  switch.  As  indicated  by  the 
name,  it  operates  as  an  insertion  ring  (i.e.,  a  ring  where  data  is  inserted  by  the  sender  and  retrieved  by  the 
destination;  a  node  must  “save”  enough  empty  slots  before  it  is  allowed  to  transmit).  The  ring  speed  is 
1  Gb/s,  but  since  concurrent  transmission  in  different  parts  of  the  ring  is  allowed,  the  aggregate  throghput 
can  be  higher,  depending  on  the  traffic  patterns.  The  plaNET  switch  is  a  shared-medium  switch  capable 
of  switching  both  fixed-size  ATM  cells  and  variable-size  packets,  and  performing  additional  functions  like 
multicasting.  The  design  philosophy  behind  the  fast  packet  switch  is  to  provide  a  “transparent”  transport 
mechanism,  where  the  network  manipulation  of  the  data  is  minimized,  and  all  packet  handling  is  done  in 
hardware.  The  purpose  is  to  be  able  to  handle  heterogeneous  traffic  (different  priorities,  loss  requirements, 
packet  lengths,  routing  methods)  in  a  fast,  simple  way.  Currently,  the  shared  medium  is  a  64-bit  wide  bus 
with  a  total  speed  of  6  Gb/s,  leading  to  a  maximum  switch  size  is  8  x  8  for  800  Mb/s  on  each  adaptor.  The 
next  generation  will  use  shared  memory,  and  is  expected  to  support  32  x  32  ports,  each  slightly  over  1  Gb/s. 
plaNET  will  initially  support  three  interfaces; 

(a)  155  and  622  Mb/s  SONET  interfaces; 

(b)  a  1  Gb/s  point-to-point  optical  interface  (over  “dark”  fiber);  and 

(c)  the  ORBIT  interface. 

IBM  and  Rogers  Cable  Co.  are  currently  conducting  a  joint  field  trial  of  ORBIT  and  plaNET  in 
Toronto.  Field  deployments  with  other  partners  are  planned.  In  addition,  ORBIT  and  plaNET  will  be  used 
in  the  AURORA  testbed,  described  in  the  next  section. 


2.3  The  AURORA  Testbed 


The  AURORA  testbed®  is  one  of  five  gigabit  testbeds  currently  underway  as  part  of  a  national  effort 
in  high-speed  networking.  AURORA  is  a  collaboration  between  Bellcore,  IBM,  MIT  and  the  University  of 
Pennsylvania,  to  evaluate  technologies  supporting  network  operation  at  or  near  gigabit  speeds  in  a  wide-area 
network.  It  will  support  both  fixed-size  ATM  packets  (cells)  and  variable-size  packets.  The  four  sites  will 
be  interconnected  by  three  OC-12  (622  Mb/s)  SONET  links.  Bellcore’s  Sunshine  ATM  switch  and  IBM's 
plaNET  switch  (for  variable-size  packets)  will  be  tested  in  this  environment.  The  topology  is  depicted  in 
figure  5. 
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Figure  5:  AURORA  testbed  topology 


Two  separate  networks  will  be  provided:  one  based  on  plaNET,  supporting  variable-size  packets, 
and  the  other  based  on  Sunshine,  supporting  fixed-size  ATM  cells.  The  central  offices  have  the  ability  of 
independently  cross-connect  the  OC-12  links,  making  it  possible  to  create  a  large  number  of  logical  topologies 
over  the  physical  topology  of  the  the  network.  With  this  setup,  the  bandwidth  between  any  two  nodes  on 
each  of  the  two  networks  is  at  least  622  Mb/s.  Deployment  is  planned  for  early  1993. 

The  physical  testbed  will  also  be  used  to  test  concepts  in  network  protocols,  network  control  and  man¬ 
agement,  and  applications  that  use  gigabit  capabilities  such  as  video  conferencing  and  multimedia  services. 

3.  MULTIGIGABIT  NETWORKS  BASED  ON  OPTICA T.  SWITCHING 


Another  way  to  implement  the  switching  function  between  the  channels  is  to  perform  it  in  the  periphery 
of  the  network,  in  a  distributed  fashion.  In  an  optical  network,  a  natural  way  to  create  multiple  channels 
is  through  the  use  of  Wavelength-Division  Multiplexing  (WDM).  The  switching  function  is  then  performed 
by  tunable  receivers  and/or  transmitters  that  select  between  the  available  channels  (wavelengths),  and 
superimpose  a  generic  logical  topology  over  the  physical  topology.  The  physical  topology  can  be  arbitrary,  as 
long  as  all  receivers  can  access  the  combined  light  signal  from  all  transmitters.  From  a  power  distribution 
point  of  view,  the  optimum  topology  is  the  passive  star,  as  depicted  in  figure  6  (note  the  similarity  between 
figure  6  and  figure  2;  both  represent  star  topologies  at  the  physical  level). 


Figure  6:  The  WDM  star  topology 
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The  last  five  years  have  seen  a  steady  transition  of  WDM  experiments  from  proof  of  concepts  to 
experimental  networks,  with  field  trials  planned  in  the  near  future.  We  will  describe  here  some  recent 
experimental  demonstrations  of  WDM  optical  metropolitan  and  local  area  networks^®. 

3.1  TeraNet 


TeraNet^^  is  a  experimental  network  being  developed  to  study  all  seven  layers  of  the  OSI  standard.  The 
network  provides  either  1  Gb/s  ATM  packet-switched  or  1  Gb/s  circuit-switched  access  using  a  passive  star 
topology,  as  shown  in  figure  7.  A  hybrid  multiple  access  scheme  combines  wavelength-division-multiplexing 
and  subcarrier  frequency  division  multiplexing  to  divide  the  available  optical  bandwidth.  This  method  of 
multiple  access  reduces  the  bandwidth  requirements  on  the  optical  filters  but  still  allows  the  use  of  additional 
channels  through  electronic  means.  Each  user  is  assigned  a  unique  address  consisting  of  a  specific  wavelength 
and  a  subcarrier  multiplexed  frequency.  Wavelength  channels  are  spaced  by  1.5  nm,  or  187  times  the  bit  rate. 
Each  wavelength  supports  4-6  subcarrier  channels.  The  receivers  use  fiber-optic  Fabry- Perot  (FFP)  tunable 
filters  to  select  wavelengths.  Subcarriers  are  selected  by  electronic  filtering.  A  packet-switched  network, 
conforming  to  the  ATM  standard^*,  is  being  implemented  through  a  multihop  architecture.  The  network 
can  be  configured  to  support  up  to  64  users.  Interfaces  are  also  being  developed  for  SONET  and  HIPPI.  .A 
limited  campus  field  trial  is  planned  for  1992. 
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Figure  7:  The  TeraNet  WDM  network  (adapted  from  ref.  11) 


3.2  RAINBOW 


The  RAINBOW  network'^  is  a  metropolitan  area  network  designed  to  cover  a  diameter  of  25  km.  This 
network  connects  up  to  32  IBM  PS/2’s  through  a  32  x  32  passive  star  coupler  and  allows  the  computers  to 
■ommunicate  circuit-switched  data  at  a  rate  of  300  Mb/s/node,  yielding  an  aggregate  throughput  of  up  to 
')  6  Gb/s.  The  network’s  physietd  topology  is  the  passive  star  shown  in  figure  6.  Each  computer  is  equipped 
with  its  own  fixed  frequency  optical  transmitter  and  tunable  optical  receiver.  The  optical  transmitters 
utilize  directly  modulated  distributed  feedback  (DFB)  laser  diodes.  W’avelength  selection  at  the  receiver  is 
accomplished  with  a  tunable  fiber  Fabry-Perot  filter  whose  cavity  spacing  is  varied  piezoelectrically.  The 
time  for  the  receiver  to  identify  and  lock  to  a  channel  is  10  ms.  The  signalling  protocol  to  coordinate 
the  relunmg  of  the  optical  receivers  is  a  simple  in-band  polling  procedure.  This  method  is  simpler  than  a 
faster  out-of-band  protocol,  which  would  require  a  separate  signalling  channel.  The  transmitter,  receiver  and 
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associated  electronics  are  implemented  on  a  single  adaptor  circuit  board,  much  like  an  FDDI  or  token-ring 
adaptor  card.  The  current  version  of  Rainbow  has  been  prototyped  and  demonstrated  at  Telecom  '91  and 
other  trade  shows.  New  versions  of  Rainbow,  supporting  1  Gb/s/node,  are  planned  for  the  future*'*. 

3.3  UCOL 


UCOL  is  being  developed  as  an  ultra-wideband  coherent  optical  local  area  network*®.  This  network 
has  network  interface  units/access  control  units  (NIU/ACU’s)  that  communicate  on  20  wavelength  division 
rnultiple.xed  optical  channels  over  a  passive  star  topology,  as  indicated  in  figure  8.  The  user  can  access  each 
channel  through  a  time  division  multiplexing  access  mode  (UCOL  ATM  SWITCH).  This  technique  supports 
data  rates  from  a  fraction  of  a  Mb/s  up  to  155  Mb/s.  The  frequency  reference  for  all  transmitters  and 
receivers  is  provided  over  a  separate  star  coupler  by  a  reference  generator  block  (RGB).  The  transmit  power 
IS  set  for  operation  with  a  Bit  Error  Ratio  (BER)  of  10“®.  Error-correcting  codes  are  then  used  to  decrease 
the  BER  to  a  value  less  than  10“*®. 


Figure  8:  UCOL  block  diagram  (adapted  from  ref.  15) 


3.4  STARNET;  a  coherent  broadband  optical  network 

STAR.NET*®  is  a  broadband  optical  local  area  network  Mchitecture.  The  STARNET  architecture  offers 
all  users  both  a  high-speed  packet  switched  network  and  a  multi-gigabit  broadband  circuit  interconnect  based 
on  a  WDM  transport  facility,  as  shown  in  figure  9.  As  a  result,  the  STARNET  architecture  efficiently  supports 
diverse  types  of  tradfic.  An  experimental  demonstration  of  STARNET  is  currently  under  development  in  the 
Optical  Communications  Research  Laboratory  at  Stanford  University.  The  initial  STARNET  experiment 
will  interconnect  four  workstations  through  a  4  x  4  passive  stair  coupler.  The  data  rate  for  the  broadband 
circuit  switched  network  is  2.5  Gb/s/station.  The  packet  switched  network  data  rate  is  100  Mb/s. 

ST.\R.NET’s  physical  topology  is  the  passive  star  shown  in  figure  6.  However,  each  node  transmitter 
transmits  two  independent  data  streams,  stream  ‘C’  (Circuit  data)  and  stream  ‘P’  (Packet  data).  This  is 
accomplished  by  phase-modulating  the  transmitter  laser  with  the  ‘C’  stream,  and  amplitude-modulating 
the  P’  stream,  with  low  modulation  index.  Each  node  has  a  tunable  receiver  that  can  be  tuned  to  any 
transmitter  and  decodes  the  ‘C’  stream  thus  enabling  a  broadband  circuit  interconnect  among  all  the  nodes. 
In  addition,  every  node  is  equipped  with  a  fixed  receiver  which  decodes  the  ‘P’  stream  of  the  previous  node 
in  the  frequency  comb.  The  first  node  of  the  chain  is  equipped  with  a  receiver  that  decodes  the  P’  stream 
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of  the  last  node:  In  this  manner,  a  unidirectional  logical  ring  topology  similar  to  that  of  FDDI  is  formed,  as 
shown  in  figure  9. 


Figure  9:  STARNET  offers  both  a  packet-switched  ring  and  a  circuit  interconnection 


Each  node  consists  of  a  transmitter,  a  2.5  Gb/s  broadband  receiver  for  the  circuit  interconnect,  and  a 
100  Mb/s  receiver  for  the  packet-switched  network,  which  uses  off-the-shelf  FDDI  cards  to  interface  with  the 
workstation.  The  network  operates  at  a  center  wavelength  of  1319  nm  over  conventional  single  mode  fiber 
with  a  network  diameter  of  4  km.  The  system  is  designed  to  ensure  a  BER  of  10“®  with  a  10  dB  system 
margin. 


3.5  Comparison  of  the  networks  with  optical  switching 


■Many  challenges  are  yet  to  be  resolved  before  multi-Gigabit/s  optical  networks  become  practical. 
Among  these  challenges  are  the  development  of  fast  tunable  and  narrow  linewidth  lasers,  tunable  filters, 
automatic  frequency  selection,  frequency  stability  of  the  network,  design  of  network  protocols  efficient  for 
high  speed  bursty  and  continuous  traffic,  and  selection  of  network  topologies  which  optimize  both  throughput 
and  latency.  Table  I  presents  a  comparison  of  the  experiinental  WDM  networks  discussed  in  fhis  section. 

TABLE  I:  EXPERIMENTAL  WDM  NETWORKS 


Parameter 

TERANET" 

1  1  1 1  i  i\wm 

UCOL^'* 

icn  :»l  all  lUJI^H 

Modulation 

1  Format 

ASK 

ASK 

DPSK 

PSK 

i  Data  R.ate 

1  Gb/s 

300  Mb/s 

155  Mb/s 

3  Gb/s 

Channel  Sepa¬ 
ration 

187  Bit  rates 

1040  Bit  rates 

23  Bit  rates 

2.7  Bit  rates 

Kind  of 

Receiver 

Dir.  Detection 

Dir.  Detection 

Coherent 

Coherent 

Tunable  Ele- 
1  ment 

Fabry-Perot  Filter 

Fabry-Perot  Filter 

Laser 

Laser 

Frequency  Sta¬ 
bilization 

Thermal 

Thermal 

External  Refer¬ 
ence 

Provided  by  the 
architecture 

Polarization 

Control 

Not  needed 

Not  needed 

Polarization  Di¬ 
versity 

Manual 

Receivers  per 
Node 

2/tunable 

1/tunable 

1 /tunable 

1/tunable 

1/fixed 

Transmitters 
per  Node 

2/fixed 

1 /fixed 

1/ tunable 

1/fixed 

Extra  Features 

Multiple  subcarrier 
channels 

Wide  range  of 
data  rates  sup¬ 
ported 

Lower  speed  packet 
network  embedded 
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4.  CONCLUSIONS 


The  key  to  achieving  multi-gigabit  throughputs  in  the  next  generation  of  networks  is  concurrency.  In 
the  presence  of  multiple  concurrent  channels,  some  sort  of  switching  is  needed;  this  function  can  be  performed 
either  at  the  center  or  at  the  periphery  of  the  network.  In  both  cases,  the  network  assumes  a  star  topology 
at  the  physical  level. 

In  the  first  case,  an  electronic  switch  is  placed  at  the  center  of  the  network,  and  it  performs  most  of 
the  routing  functions  (i.e.,  the  “intelligence”  of  the  network  is  concentrated  at  the  center).  Switching  can 
be  done  very  fast,  in  a  packet- by- packet  basis  for  some  switches.  Optics  is  used  only  for  point-to-point 
connections.  However,  this  kind  of  network  has  a  single  point  of  failure  (the  switch).  It  is  generally  not  easy 
to  upgrade  (i.e.,  to  add  more  nodes  the  switch  has  to  be  upgraded;  to  increase  the  access  data  rate,  the 
switch  has  to  be  replaced).  While  it  is  simple  to  route  a  given  message  through  multiple  switches,  cascading 
multiple  switches  might  cause  the  links  between  the  switches  to  become  bottlenecks. 

In  the  latter  case,  the  center  of  the  network  is  just  a  passive  star  coupler,  and  is  even  data-rate 
independent.  The  ‘‘intelligence”  of  the  network  is  distributed  between  the  nodes,  leading  to  improved  fault- 
tolerance.  Expansion  of  the  network  to  add  more  nodes  is  trivial.  The  topology  need  not  be  restricted  to 
a  simple  single  star.  The  switching  times,  however,  are  not  as  fast  as  with  electronic  switching,  and  the 
technology  itself  is  not  as  mature. 

.\t  this  point,  it  is  not  clear  which  scheme  will  prevail  in  the  multigigabit  arena,  if  any.  The  answer  to 
this  question  is  heavily  dependent  on  how  the  device  technology  will  evolve  (in  both  fields)  on  the  next  few 
years. 
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Abstract 

A  10  Channel  direct  detection  subcarrier  multiplexed  system  using 
direct  freouency  modulation  of  a  DF8  Laser  and  a  Fabry-Perot  filter 
for  frequency  discrimination  was  implemented  and  optimized.  A  Bit 
Error  Rate  of  10*^  was  acheived  with  a  detected  optical  power  of 
-20  dBm, 
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Direct  frequency  modulation  of  a  Distributed  Feedback  (DFB) 
semiconductor  laser  is  an  attractive  technique  because  it  can  obtain 
high  modulation  depths  with  low  drive  powers.  For  direct  detection 
systems  an  optical  frequency  discriminator  has  to  precede  the 
photodetector.  Systems  that  use  optical  filters  as  frequency 
discriminators  are  also  well  suited  for  Wavelength  Division 
Multiplexing  (WDM)  applications  with  optical  amplifiers  (1).  Then, 
the  optical  filter  also  reduces  the  Amplified  Spontaneous  Emission 
(ASE)  noise  and  provides  wavelength  selectivity,  in  this  paper  we 
report  the  use  of  a  tunable  fiber  Fabry-Perot  (FFP)  interferometer  as 
an  optical  frequency  discriminator  for  a  10  channel  F5K-5CM  system 
in  the  frequency  range  2. 1-3.9  GHz.  Comprehensive  models  of  the 
FFP  response  to  an  optical  FM  signal  have  been  developed  which 
accurately  predict  the  optimal  system  parameters  and  performance. 
With  each  channel  operating  at  100  Mb/s,  a  BER  *  lO"^  was  achieved 
with  a  detected  optical  power  of  -20  dBm.  The  experimental  data 
showed  excellent  agreement  with  theory. 

The  system  block  diagram  is  shown  in  Fig.  1.  The  light  source 
is  a  1/4  wave  shifted  DFB  laser  diode  emitting  at  1.54  pm  with  a 
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threshold  current  of  21.5  mA.  The  laser  was  biased  at  76  mA  and 
modulated  by  lO  equally  spaced  channels. 

At  the  receiver  the  FFP  interferometer  (bandwidth*  1 0  GHz, 
finesse*  1  1 6)  is  followed  by  a  Pin  photodiode  and  a  low  noise 
microwave  amplifier.  The  transmission  point  and  the  stability  of  the 
FFP  were  monitored  and  controlled  by  a  computer-based  feedback 
loop.  Channel  selection  at  the  receiver  is  accomplished  via 
electrical  tuning  and  demodulation  of  the  FSK  signal  is  performed  by 
a  delay  im.e  discrimina*'or  followed  by  a  low  pass  filter. 

Theoretical  calculations  are  obtained  using  the  Bessel  function 
method  and  the  asymptotic  meti.od  of  Carson  and  Fry  to  predict  the 
signal  power  and  distortion  [2].  The  FFP  response  to  the  FM  and  AM 
portions  of  the  signal  (both  present  in  direct  modulation)  along  with 
the  phase  difference  between  them  are  taken  into  account  [3,4). 
Thermal  noise,  shot  noise  and  intermodulation  distortion  (IMD)  are 
also  included.  Both  methods  show  good  agreement  for  the  FM  indices 
of  Interest  and  the  Bessel  approach  was  used  for  calculations  in  this 
paper,  The  effect  of  phase  noise  to  intensity  noise  conversion  was 
found  experimentally  to  be  insignificant  and  therefore  not  addressed 
in  the  models. 

Experimental  (discrete  points)  and  calculated  (continuous 
lines)  results  are  shown  in  Figs.  2  and  3  The  optical  input  power 
was  held  constant,  which  produced  a  photocurrent  loc^lOiiA  at  the 
naif  power  transmission  point,  in  Fig.  2  the  CNR  is  measured  for  the 
single  channel  case  using  the  positive  and  negative  slope  of  the  FFP 
for  optical  discrimination.  There  is  a  6  dB  difference  between  the 
curves  due  to  the  AM  presence.  For  the  10  channel  case  (Fig.  3), 
measurements  are  made  on  the  channel  with  the  worst  performance 
(ch.  6  at  3.1  GHz)  for  various  transmission  points  on  the  positive 
slope  of  the  FFP,  it  is  seen  that  a  maximum  CNR  of  20  dB  is  obtained 
with  transmission  Tx  *  0,5  and  the  FM  index  B»0,3,  which  is  also 
accurately  predicted  by  theory, 

in  summary,  we  have  implemented  a  direct  detection  FM 
system  which  incorporates  a  fiber  Fabry-Perot  interferometer  as  an 
optical  frequency  discriminator.  Optimal  conditions  are  accurately 
predicted  by  the  theoretical  models  and  experimentally  verified.  The 
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models  include  the  effects  of  the  non-linear  Fabry-Perot  response  to 

the  FM  and  AM  signals,  the  Ah-FM  phase  difference,  and  the 

intermodulation  distortion 
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Figure  Captions 

1.  Schematic  diagram  of  the  direct  FM-5CM  system  with  the 
Fabry  Perot  optical  discriminator. 

2.  CNR  for  a  Single  channel  at  3.1  GHz  operating  on  the  positive 
and  negative  slope  of  the  FFP  with  transmission  point  Tx  =  0,5 
and  I<3c=l0  pA, 

3.  CNR  for  Channel  6  at  3.1  GHz  for  the  10  channel  case  with 
various  transmission  points  of  the  FFP. 
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Abstract 


We  experimentally  observed  optical  scattering  from  thermally  excited  acoustic  waves  in  single¬ 
mode  fibers.  Theoretical  analysis  shows  that  the  performance  of  optical  DPSK  communication 
systems  can  be  impaired  by  the  resulting  phase  noise. 
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Introduction:  Optical  fiber  is  usually  modeled  as  a  linear  attenuating  dispersive  medium.  In  a 
real  fiber,  thermally  excited  acoustic  waves  phase-modulate  the  propagating  light^  Thermal 
vibrations  of  atoms  cause  fiber  density  fluctuations  and  consequent  refractive  index  fluctuations 
that  induce  phase  noise  in  the  transmitted  light  Due  to  acoustic  waveguiding  provided  by  the 
optical  fiber,  the  acoustic  waves  form  a  series  of  eigenmodes  with  discrete  natural  frequencies. 
Therefore,  optical  fiber  can  be  modeled  as  a  phase  modulator  with  modulating  signals 
corresponding  to  discrete  acoustic  modes. 

In  this  paper,  we  present  the  results  of  our  experimental  measurements  of  the  fiber-induced 
optical  phase  fluctuations  in  a  fiber  link.  The  result  is  applied  to  a  performance  analysis  of  DPSK 
receivers  considering  both  laser  phase  noise  and  fiber-induced  phase  noise. 
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Experiment:  Fig.  1  shows  the  configuration  of  the  experimental  setup  used  to  measure  fiber- 
induced  phase  modulation.  The  lasers  used  in  the  experiment  are  Lightwave  Electronics  LW122 
1310  nm  single-frequency  diode  pumped  Nd:YAG  lasers.  9.9  km  of  Corning  SMF  28  single¬ 
mode  optical  fiber  was  used  in  the  experiment.  Laser  1  operated  at  a  frequency  8  GHz  higher 
than  laser  2. 

Fig.  2  shows  the  heterodyned  light  spectrum  for  two  cases:  (a)  when  there  is  no  fiber  in  the 
system,  and  (b)  when  there  is  9.9  km  of  single-mode  fiber.  In  both  cases,  the  central  peak  is  the 
IF  component  with  the  difference  frequency  of  the  two  lasers.  After  propagating  through  9.9  km 
of  fiber,  the  signal  has  more  than  30  phase  modulated  spectral  components  from  20  MHz  to  850 
MHz.  For  the  130.0  MHz  component,  the  measured  relative  amplitude  is  -34  dB  at  a 
transmission  distance  of  9.9  km.  The  measured  relative  amplitude  increases  3  dB  when  the  fiber 
length  is  increased  from  2.2  km  to  9.9  km,  and  can  be  approximately  expressed  as 
1.  3  ■  10~*  yjL{km) .  This  relationship  agrees  well  with  the  guided  acoustic  field  theory^'^. 

The  phase  modulation  index  changes  less  than  1  dB  when  the  optical  power  is  varied  by  10 
dB.  This  shows  that  this  effect  is  essentially  linear  and  can  be  treated  by  linear  phase  modulation 
theory.  The  experimental  data  actually  show  that  the  relative  amplitude  decreases  as  the  optical 
power  increases.  This  effect  is  not  completely  understood  and  needs  to  be  further  investigated. 

BER  floor:  The  phase  noise  caused  by  the  thermal  acoustic  waves  in  optical  fiber  may  affect 
receiver  performance,  especially  in  phase-modulated  systems.  We  used  the  theory  of  Ref.  4  to 
calculate  the  worst  case  BER  floor.  Fig.  3  shows  the  theoretically  predicted  BER  floor  of  a  1 
Gb/s  DESK  receiver  versus  laser  linewidth  for  several  fiber  lengths  in  presence  of  fiber-induced 
phase  noise.  For  a  laser  linewidth  of  10  MHz,  prior  analysis^  predicts  a  BER  floor  of  2x10'^^  in 
the  absence  of  fiber-induced  phase  noise.  It  is  evident  from  Fig.  3  that  the  fiber-induced  phase 
noise  increases  the  BER  floor  to  3x10'*^  7x10'*^,  and  7x10  *'  for  transmission  distances  of  100 
km,  500  km,  and  1000  km,  respectively. 
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Conclusions:  Thermal  acoustic  waves  in  optical  fibers  form  discrete  eigenmodes.  These 
modes  modulate  the  phase  of  the  light  propagating  in  the  fiber.  We  investigated  this  effect 
experimentally  anu  showed  that  the  optical  field  at  the  fiber  output  has  discrete  spectral 
components  ranging  from  20  MHz  to  850  MHz.  The  relative  amplitude  of  the  phase-modulated 
terms  is  proportional  to  the  square  root  of  the  fiber  length,  and  is  almost  independent  of  the 
optical  intensity. 

The  theoretical  analysis  of  DPSK  system  in  the  presence  of  fiber-induced  phase  noise  shows 
that  the  BER  floor  of  DPSK  systems  increases  due  to  the  thermal  phase  noise.  For  example,  in  a 
1  Gb/s,  500  km  system  with  laser  linewidth  of  10  MHz,  the  fiber-induced  phase  noise  increases 
the  BER  floor  by  more  than  two  orders  of  magnitude. 
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Figure  Captions 


Figure  1.  Experimental  setup  for  measuring  scattered  light  spectrum  resulting  from  thermal 
acoustic  modulation. 

Figure  2.  Heterodyned  spectrum  of  the  transmitted  light  modulated  by  thermal  acoustic  waves. 

Laser  1 :  Pout  =  7.7  dBm.  Laser  2:  Pout  =  1 L6  dBm.  (a)  with  no  fiber,  (b)  with  9.9  km 
of  fiber. 


Figure  3.  Calculated  BER  floor  of  a  1  Gb/s  DPSK  heterodyne  receiver. 
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Fig.  1.  Experimental  setup  for  measuring  scattered  light  spectrum  resulting  from  thermal  acoustic  modulation. 
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Fig.  2.  Heterodyned  spectrum  of  the  transmitted  light  modulated  by  thermal 
acoustic  waves.  Laser  Pout  =  7.7  dBm.  Laser  2;  Pout  =115  dBm. 
(a)  "  ’th  no  fiber,  (b)  with  9.9  km  of  fiber. 


